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A b strac t
This thesis studies the applications of the photorefractive effect in photorefrac- 
tive oscillators and waveguides.
In the first part of the thesis, a new type of mutually pumped phase conjugate 
mirror (MPPC) contained within a cavity was developed. Using a barium titanate 
crystal illuminated by two pump beams, oscillations within a cavity could easily 
be built up with low threshold. Strong and stable phase conjugate beams were 
achieved, and this system could operate with larger pump ratio than ordinary 
MPPCs such as the double phase conjugate mirror (DPCM). Positive feedback 
induced by an external cavity could not only speed up the process of build-up os­
cillations, but also reduce the losses of the system. Oscillations in the fundamental 
mode and first order modes were achieved in this system. The long term stability 
in both intensities and frequency shifts of the oscillating beams and phase conju­
gate beams were determined from the experiments. Two different images encoded 
upon the pump beams were recovered in the phase conjugate beams with high 
resolution and without any crosstalk between the images.
A theoretical model of this system shows that six different beams interact within 
the crystal and form three gratings. The existence of an external cavity helps build 
up and maintain two side gratings which effectively decrease the threshold for the 
phase conjugate beams to appear.
In the second part of the thesis, photorefractive gratings inside a waveguide 
are studied. Unlike ordinary photorefractive wave mixing in a waveguide geom­
etry, pump beams (as radiation modes) illuminated a guided beam directly and 
formed photorefractive gratings inside the waveguide. In this geometry, strong am­
plification of the guided beams were obtained in two wave mixing, and the phase 
conjugate replica of the guided signal beam was generated in four wave mixing.
Some applications were proposed, including a chirped grating to couple a guided 
beam out of the waveguide and focus it; beam profile control by adjusting the 
intensities of interacting beams in two wave mixing; and the production of mode 
sensitive gratings. A theoretical model was proposed for this system, and results 
from numerical simulations show good agreement with experimental results.
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Chapter 1
INTRODUCTION
About thirty years ago (1966), researchers from Bell Laboratories discovered that 
prolonged illumination of a lithium niobate crystal (LiNbOs) with an intense laser 
beam resulted in strong distortion of the beam itself [1, 2]. It was readily realized 
that the laser beam had changed the optical properties of the crystal. It turned 
out that this effect (which was referred to as an “optical damage”) was reversible. 
The crystal could be brought back to its original state by illuminating it with a 
uniform beam of light. This phenomenon, which is now called the photorefractive 
effect, was referred to as the optically induced change of the refractive index of 
electro-optic crystals [3].
A simple description of the mechanism of the photorefractive effect was pro­
posed by Feinberg [4]. It can be summarized as follows:
• When the crystal is exposed to a spatially varying pattern of illumination 
with photons having sufficient energy, charge carriers (electrons or holes) are 
photoexcited from impurities, vacancies, or defects present in the material 
to the closest energy band. Upon migration by thermal diffusion or by drift 
in an electric field, these charge carriers are re-trapped at other locations, 
leaving behind a space-charge field that modulates the refractive index via
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the electro-optic effect.
The photorefractive effect has since been observed in many other electro-optic 
crystals, among them are the ferroelectrics: LiTaO3,  BaTiO3,  KNbO3,  K(NbTa)Os, 
SBN-, the seiendes: Bii2S i0 2o(BSO), BiGe02o (BGO), B iTi02o(BTO); and the 
semiconductors: GaAs, I n P , CdF2 , CdTe, etc. Research efforts are still directed 
towards identification of the microscopic origin of the effect in different materi­
als, in order to improve the overall performance of these crystals for their diverse 
applications.
The unique properties of real-time response and low-intensity operation pos­
sessed by photorefractive materials provide potentially very promising applications 
such as generation of optical phase conjugation [5, 6], data storage [7, 8, 9], in­
formation processing [10, 11]. Theoretically, the ultimate limit for optical infor-
V
mation storage capacity is —, where V is the volume of storage medium and A
A3
is the recording wavelength [12]. The storage of more than 5000 high-resolution 
holograms in a LiNbO3 crystal at room temperature has been reported [8, 9].
An important application of the photorefractive effect is the generation of a 
time-reversed replica of the incident beam, the so-called phase conjugate beam [5].
A number of well-known devices using photorefractive materials have demonstrated 
the ability to perform phase conjugation at a low operating intensity (and low 
power). These devices include self-pumped phase conjugators (SPPCs) [13], and 
mutually pumped phase conjugators (MPPCs) [14]. In SPPC’s, the presence of a 
single incident laser beam leads to generation of a phase conjugate beam. In the 
case of MPPC’s, the energy of two mutually incoherent beams is converted into 
their phase conjugate replicas of each other.
While very important for practical applications, these devices have unfortu­
nately a serious drawback. Namely, their characteristics typically exhibit a thresh-
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old even in the absence of losses. This means that they require strong nonlinearity, 
i.e. a high value of the light induced refractive index change, for their operation. 
This limits the photorefractive materials which can be used in those devices to a 
handful including such as barium titanate and strontium barium niobate. In order 
to relax the operation conditions so the less efficient crystals could be used, other 
solutions utilizing typically some sort of external cavity which provide a positive 
feedback have been proposed. Part of my thesis is devoted to a new mutually 
pumped phase conjugator which can operate with much lower nonlinearity and 
with a larger operating range than devices used so far.
Another important area for applications of the photorefractive effect is inte­
grated optics. The integrated optics approach to signal transmission and process­
ing offers significant advantages in both performance and cost when compared 
with conventional electrical methods [15]. Some well-known advantages include 
very large bandwidth and expanded frequency (wavelength) division multiplexing. 
The principle of integrated optics lies in the use of optical elements based on planar 
waveguide structures to process optical signals. Quite often the waveguide material 
is lithium niobate crystal which is also a photorefractive medium. Interestingly, 
at the beginning, the photorefractive effect was not seen as a positive contribution 
to integrated optical devices, and needed to be compensated for. In recent years 
it has been realized that photorefractive effect offers some new possibilities in the 
fabrication of some planar devices (see chapter 5 for details). Formation of waveg­
uide gratings is one of the most important applications of the photorefractive effect 
in integrated optics. Photorefractive waveguide gratings play an important role in 
planar optics. They can be used to couple guided beams in and out of a waveguide, 
and provide amplification/deamplification of the guided beams. The second part 
of my thesis is devoted to applications of photorefractive effect in planar waveg-
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uide optics. I will describe and investigate a new geometry for the formation of 
waveguide gratings and demonstrate the use of the grating for amplification of the 
guided beam; beam coupling; and focusing.
This thesis is organized as follows. In chapter two, some important concepts 
and theoretical treatments of the photorefractive effect are reviewed. This will 
provide the foundation for all of the subsequent theoretical simulations presented 
later in this thesis. These concepts include the photorefractive effect, wave mix­
ing, refractive index gratings, photorefractive resonators, and wave mixing in a 
waveguide. The discussion will be kept in a general form, and detailed theoretical 
treatments for specific devices will be presented later in the relevant chapters.
A detailed discussion of properties of photorefractive oscillators will be given in 
chapter three. Based on the general concept of photorefractive oscillators, a new 
photorefractive device will be discussed. This device, which uses a six wave mixing 
interaction, performs the mutual phase conjugation of two mutually incoherent 
optical beams. A theoretical model is proposed for this device and its properties 
are analyzed using numerical simulations.
In the next chapter I will present an experimental demonstration of this new 
mutually pumped phase conjugator. I will demonstrate efficient mutual phase con­
jugation and good stability of the conjugator. Comparisons between the theoretical 
model and experimental results will be made.
Chapter five begins the second part of my thesis which concentrates on the 
mechanism and applications of the photorefractive effect in waveguide optics. Some 
fundamental concepts relating to light guiding in planar structures will be reviewed. 
Photorefractive wave interactions in a waveguide will also be discussed and a new 
geometry of beam interactions within a waveguide will be introduced.
In chapter six a theoretical model describing the interaction between a guided
4
signal beam and external pump beams will be discussed. This chapter also contains 
details of the experimental setup as well as discussion of the results of the two- 
and four-wave mixing experiments.
In chapter seven, I concentrate on applications of waveguide gratings formed 
by photorefractive interaction of guided and external pump beams. I will show 
experimental evidence of the beam shaping and focusing by a waveguide lens. 
Additionally, I will discuss and demonstrate operation of gratings formed by inter­
action with various guided modes and those created by the so-called photovoltaic 
effect which allows for the interaction of orthogonally polarized optical beams.
Finally, a summary of the main topics of this thesis will be given in chapter 
eight.
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Chapter 2
PHOTOREFRACTIVE EFFECT
Photorefractive materials are, by far, the most efficient media for the recording 
of dynamic holograms [16]. In these media, optical information can be stored, re­
trieved and erased by the illumination of light. Moreover, they can be used to real­
ize various multi-wave interaction processes such as beam amplification or optical 
phase conjugation which are of great importance in applications of optical comput­
ing, image processing, reconfigurable optical interconnection, and implementation 
of neural networks [17]. The very basic fundamental interaction schemes which can 
be realized in photorefractive materials are two- and four-wave mixing. Basically 
the operation of almost all photorefractive applications and devices relies on one of 
these two schemes. They play major roles in my experiments with photorefractive 
oscillators and photorefractive waveguides which are discussed later in this thesis. 
In this chapter the fundamental concepts of the photorefractive nonlinear optics, 
relevant to my work, are reviewed. They include the theory of the photorefractive 
effect, two- and four-wave mixing, principles of the operation of photorefractive 
oscillators, and the photorefractive effect in waveguides. This discussion is kept in 
a general form. Detailed theoretical treatments for specific aspects are presented 
later in the relevant chapters.
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2.1 T heoretical description of photorefractive wave
mixing
As mentioned in the previous chapter, many electro-optic crystals exhibit the pho­
torefractive effect. However, their properties, such as sensitivity, speed, operational 
wavelength, etc. vary strongly. The main points to be considered in choosing 
electro-optic materials for photorefractive applications are are [16, 133]:
• Photorefractive sensitivity
• Dynamic range (maximum refractive index change)
• Phase shift between refractive index and light intensity distribution
• Photorefractive recording and erasure time
The photorefractive effect can be defined as a change in the refractive index 
(n) of a material due to a space charge electric field which is induced by the 
external illumination of the medium. The widely accepted theoretical model of the 
photorefractive effect was proposed by Kukhtarev et al [18, 19, 20, 21] (this model 
is also called the band transport model). This model assumes that electrons (or 
holes) are optically excited from filled donor (or acceptor) sites to the conduction 
(or valence) band, where they migrate to dark regions in the crystal by drift or 
diffusion before recombining into empty traps (see Fig. 2.2).
The photorefractive effect nominally takes place in pure or doped electro-optic 
materials (i.e., materials lacking inversion symmetry). These are typically inor­
ganic crystals but can be also polymers [22, 23]. Let’s assume that the pho­
torefractive crystal is illuminated by an optical field with the following intensity 
distribution:
I  =  /0 +  I i e i ( n t - K x )  +  c  c( 2 J)
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Such field can be easily created by the interference of two mutually coherent beams 
as shown in Fig. 2.1. The optical intensity causes carriers, say electrons, to be
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Figure 2.1: The spatial variation of the light intensity, space-charge density, space- 
charge held and the induced index change in the photorefractive crystal
excited from occupied donor states (the Np states of Fig. 2.2) to the conduction 
band. Once excited, the now highly mobile electrons will migrate away under the 
influence of diffusion and any internal or external electric field until captured by a 
trapping center N ^, usually an empty donor. It follows that in the steady state the 
high light intensity regions will be deprived of electrons while those of low intensity 
will acquire an excess of electrons. The resultant charge distribution psc, which is 
in phase with the light intensity pattern, is shown in Fig. 2.1. Also shown is the 
electric field Esc — f  Pscdx that results from charge separation. Since the crystal 
is electro-optic, an index grating An  oc rEsc is induced in the crystal by this field 
via the Pockels effect, where r is the appropriate electro-optic coefficient. This 
index grating is shifted with respect to the charge distribution and, obviously, the 
light intensity distribution. This shift is due to the relation of yy^Esc — Psc/t-
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The photorefractive crystal contains two species of atoms, the donor atoms 
whose density is Np  (cm-3) and the acceptor atoms (JV,4). Since the energy of a 
valance electron in the acceptor atom state is lower than that of the donor, each 
acceptor atom has deprived a donor atom of an electron.
This leaves behind a density < Np >= Na of ionized donors (the <> brackets 
represent a spatial average). The remainder (ND — Np)  of the donor atoms are 
candidates for excitation by the optical field. Each such excitation generates a 
free (mobile) electron in the conduction band while, simultaneously converting 
a unionized donor atom whose density is (ND — Np)  into an ionized Np  site. 
Electrons can be trapped by the Np  ions returning them into the unionized state. 
While in the conduction band, the electrons are free to drift under the influence 
of the local electric field and diffusion.
Conduction
Band
Donors N D
Acceptors N a
Valence
Band
Figure 2.2: Energy level model for the photorefractive effect
The density concentration of electrons in the conduction band is denoted by ne. 
The three species listed above coexist in the presence of the interaction with the 
optical field as well as diffusion, drift and trapping processes. The process indicated 
in Fig. 2.2 converts the donor (Np) atom into an electron trap (Np)  while the trap, 
having gained an electron, becomes an Np atom so that the spatial average of each
9
species remains constant while the local concentration may vary. The acceptor 
atoms Na are fully occupied by electrons at all times. The main role of the deep 
acceptors Na is to ensure that there exists everywhere a large population of traps 
< N^  > — Na that can readily capture mobile electrons. Otherwise, electrons 
could be trapped only at the site from which they were excited, this would not 
give rise to the desired charge separation.
The space-charge field produced by the migration of the charge carriers is de­
termined by the following set of equations [19, 20, 24, 25]
aJV^ g,<) = (g ) / (x ) ( J V D -  -  7 (2.2)
dviJx = enneEx + k BT n ~ ^  (2.3)
d~t =  ~eWt(Ni ~ " e )  ( 2 4 )
OE* _  e(iV+ - n e -  Na) ( ,
dx e ( ' ’
where a B is the absorption cross section of the NB =  N D — Np  donor state atoms,
7jt> is the recombination coefficient of a free electron at an jVj site, Jx is the electric
current density (A /m 2), ne is the electron number density, e is the electron charge,
kB is the Boltzmann constant, // is the mobility, T  is temperature, £ is the dielectric
tensor.
Exact solutions for Eqs.(2.2) — (2.5) of Kukhtarev’s model are not available. 
Approximate solutions can be obtained following the standard procedure of lin­
earization, which is valid for small modulation depth. Assuming that the spatial 
modulation of all variables induced by light source of the form Eq.(2.1) is small 
one can write
N+{x,t) =  D0 + [Dle- 'Kx + c.\(2.6)
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ne(x, t) = ne0 + [ne\e lKx + c.c.] (2.7)
Ex{xt t) = E0 + [E^c e~iKx + c.c.] (2.8)
where D\ <C D0, ne\ ne0, and E f c <C £o- E'o, the average value of the 
internal field Ex, is equal to the externally applied electric field. The following 
approximations that are justified by the actual numerical values in real crystals 
are made:
Nd »  Na >  ne0,
D i  >  n ci
where ~  1019cra-3, Na ~  1016cm-3, and ne0 ~  1013cm-3.
The electric fields of the two interfering beams are
Ei(r , t)  = e1d 1(r)ei(wi(- klT) + c.c.
E 2( r, t) = e2A2(T)ei{U2t- ^ r) + c.c.
where ei and e2 denote polarization vectors. The light intensity pattern is:
(2.9)
I(x)  =  \ (El + E 2)\2
=  l^lip + \A2 \2 + e2 • e2( ^ t i - " 2 ),- (kl- k=)'r) +  c.c.) (2.10)
Comparing with (2.1) we see that:
K = kx -  k2 = ex|ki -  k2|
£2 —  UJ\ —  LO 2
/0 — |^112 + I ^ 212
h  = er  e2A xA*2 (2.11)
Substituting (2.3) into (2.4) and eliminating ne0, E0, ne 1} D0, and D\ using 
(2.2) and (2.5), leads to the solution for the space-charge field in the form:
E = - iJ i
EN(E0 + iED)(e'nt - e - ‘/T)
Io [E0— Qto(Eo + En)] + i(Etf +  E d + QtoEo)
( 2. 12)
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r  =  t0
Eq +  i (Eo  +  Eß) 
Eq + i (EN + E d)
r  cNa J-, I dNa ^  kßTK  
e h  /m  e
Nj\hv 
to
(2.13)
(2.14)
pi5>
The steady-state response is obtained at t t . If there is no applied external
field (Eo = 0) then the space charge field in the steady-state is given as
. ( h  \ 1 Ed ___
<En
(2.16)
E?c ~  - i( ^
T = t0
Io' 1 T  IELt 1 E d /  E  
1 + Eß/ E d
1 +  E n / E d
In the degenerate casefz.e. Q = 0), we obtain
£ f c «  -2
From this expression, we can see that:
h  E d
Iq 1 + E d/ E n
(2.17)
The factor (z) represents a quarter period shift of the index grating with 
respect to the intensity pattern.
Space charge field E / c depends not on the total intensity but on its modu­
lation IJIo.  Even weak laser beams can cause strong nonlinear effects.
The optical intensity determines the speed but not the magnitude of the 
nonlinearity (via t0).
2.2 T h e  g ra tin g  fo rm a tio n  a n d  w ave in te ra c tio n
Photorefractive crystals are also noncentrosymmetric and, as a result, possess the 
linear electro-optic effect (Pockels effect). With the existence of the space-charge 
field, a change in the refractive index induced via the electro-optic effect is:
A (^2 )»j = ' f ' i jk E k  (2.18)
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where rtJk is the electro-optic coefficient (with i , j , k  = x , y , z) and n is the refractive 
index. This corresponds to a change in the refractive index experienced by a 
propagating wave of given polarization:
An = - ^ n 30reffE  (2.19)
where E  is the low-frequency electric field, and ref j  is some linear combination of 
the electro-optic tensor elements that depends on the crystal orientation, the 
direction of the field, and the polarization of wave. The spatial dependence of the 
refractive index is then determined by the light intensity modulation:
n(x, t) =  n0 + An
~ n °  + \ n\e 3z (Qt—K x )In +  C.C. ( 2.20)
where 70 =  \A\\2 + |T2|2, h  = &i ' ^A iA ^ . The phase <j> indicates the phase shift 
between the index grating and the light interference pattern. n0 is the unperturbed 
refractive index and n\ is the index modulation, which depends on the grating 
spacing and its direction, as well as on the material properties of the crystal. 
Using (2.19), rii is defined by:
ri\e l<t>I\ o
?— - = ~nlreffE?c . ( 2.21)
2.2.1 T w o wave m ixing
The nonlinear mixing of light beams consists of two (inseparable) processes: the 
action of the light on the material and, further, the action of the material back 
on the light[28, 132]. When two coherent beams pass through the photorefractive 
crystal they create a refractive index grating (in the way described above) and also 
undergo diffraction from this grating. Since the grating is due to the interference 
of these two beams, the Bragg condition K = kx — k2 is automatically satisfied.
13
c-axis
photo refractive 
crystal
Figure 2.3: Schematic drawing of a co-directional (transmission grating) two-wave 
mixing
As a result of the Bragg diffraction, each beam consists of two copropagating 
components. The first one is the wave transmitted through the grating and the 
second is the contribution from the other beam reflected by the grating. If the 
phase shift is (f) =  7r/2, then, in one beam, the transmitted and copropagating 
diffracted components are in phase and add constructively, whereas in the other 
they are out of phase and add destructively. This leads to the amplification of 
the first beam and deamplification of the second beam. This interaction process, 
known as a two-wave mixing (TWM), has been studied extensively in the past 
[5, 28],
The equations describing the interaction of the beams via the grating can be 
derived from the wave equation
V2E + o;V (r)E  = 0, (2.22)
where e(r) = £o^2(r)- Using (2.20) for n(r), assuming rq n0, and putting
14
o;2/i£'o = u;2/c2, we obtain:
, ,2
V2E + n2 +  n0nie ^ e y ^ A i A j  c i ( n t _ Kx)  +  ß c E = 0 (2.23)
The field E = Ei + E2 (see (2.9)) “writes” the grating. Substituting E into (2.23) 
and using the slowly-varying approximation, i.e,
, j  = 1,2
we obtain the following system of coupled wave equations:
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d2 d
5 ? ^ <
k-j cosOn— A-j 
dz
cos 6\ 
cos 02
dAi
dz A
dA2
dz A
Io
/n
-er e2^ i  -  o:0^ 4i
6 1 - 6 2 ^ 2  ~  0 0 2 I 2 (2.24)
where 6\ and 02 are the angles between lq and k2 (inside the crystal) and the 
normal to the crystal input face. o:0 is the crystal’s absorption coefficient. Taking 
a transmission grating two-wave mixing as an example (see Fig.2.3) with 61 = 02 
Eq.(2.24) leads to:
^ -  = U A lAl)A2- a A l
CLZ 1 0
df  = - l {AlA M - a A
(2.25)
(2.26)
where the coupling constant 7 and absorption a are defined by:
mn\e~x't' P ao
7  =  =  2 + l ß' a = ^ Ö
(2.27)
The parameters F and ß are intensity and phase coupling constants and are given 
by
r  27TUl • ± a ±I = t------- sin </>, ß = ------ - cos (p (2.28)
A cos 6 ” 7 ' A cos 6
The solution of Eq.(2.26, 2.27) for the intensities I\(z) and h(z)  are easily found 
to be [27]
1 + m_1
h(z)  = h{0) —2 a z1 + m~le— la — Tz (2.29)
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1 _U m
(2.30)
where m is the input intensity ratio /i(0 )//2(0). It can be shown that I 1 / I 2 = 
mexp1 *. This means that for positive F the energy transfer from beam 2 to beam 
1 takes place. If the two-wave mixing gain is large enough to overcome the losses 
then beam 1 is amplified. Such an amplification is the basis for the operation of 
photorefractive oscillators.
2.2 .2  Four-w ave m ixing
Four-wave mixing (FWM) is another commonly used multiwave interaction scheme. 
In four-wave mixing, a nonlinear medium is pumped by a pair of counter-propagating 
laser beams. When a signal beam is incident upon the medium, a fourth beam is 
generated which propagates in opposite direction to the signal beam. This beam 
is the so-called phase conjugate replica of the signal wave - it has exactly the same 
wave front as the incident wave [6, 28, 132].
Fig. 2.4 illustrate the FWM in the so-called transmission geometry. Assuming 
that all beams have the same frequency u  (degenerate FWM), the electric field
Figure 2.4: Four-wave mixing in photorefractive crystal
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inside the crystal can be written as
4
E = .4jei(“t- k' r) (2.31)
where Ai (i = 1, ...4) are the complex amplitudes of the four waves and kz are 
their wave vectors. It is also assumed that all wave vectors are in the same plane 
and all waves are polarized perpendicular to the plane of incidence. When all 
four waves are coherent then their interference leads, in general, to the formation 
of four different index gratings characterised by the following w^ave-vectors: k/ = 
k2 — ki = k4 — k3, k// = ki — k3 = k2 — k4, k/// =  2k1? k jy = 2k2. The first one 
is a transmission grating and the second one is a reflection grating. The third and 
fourth gratings are formed by two counter-propagating beams. For simplicity I 
will consider here the situation when only one grating operates. This is a common 
practical situation since the strengths of gratings depend on their orientation, 
periodicity as well as the polarization of beams. The number of possible gratings 
can be effectively reduced to one by choosing one of the incident beams to be 
incoherent with two others. For example, only transmission grating (k^) is formed 
if A\ and A2 are mutually coherent but incoherent with T3 and ,44.
In the case of a transmission grating, the coupled wave equations can be ob­
tained using a similar approach to that used for TWM [5]:
d,A\ 'y
—— = — — (A\A*2 +  A^A\)A2 — olA 
dz 1 o
(2.32)
(2.33)
( j  A  n  'V
—— =  — ( A i A *2 +  A-iA\)A^ +  q;T3 
dz 1 o
(2.34)
(2.35)
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where Iq = I\ + I2 + / 3 + h- The exact solution to these equations has been 
reported in [5].
As I have mentioned already, four wave mixing in photorefractive crystals can 
be used to generate phase-conjugate waves. Referring to Fig. 2.4, A2 and A3 are two 
counter-propagating plane waves while A\ is a signal beam which may, in general, 
contain spatial information. The pump beam A2 and signal beam A\ write a 
grating inside the crystal. The counter-propagating pump beam A3 satisfies the 
Bragg condition of the written grating and reads out the grating producing the 
diffracted beam A4. Interference of A3 and A4 also contributes to the refractive 
index grating. Newly generated beam A4 propagates opposite to the signal beam 
Ai and has the same wave front as that of A\. It is a phase conjugate replica of 
the wave A\. In effect, the crystal with two pump beams behaves as a kind of 
mirror - it ” reflects” any incident signal beam by generating its phase conjugate 
replica. For this reason such nonlinear system is often called a phase conjugate 
mirror (PCM).
Much of the interest in PCM’s is due to their distortion correcting capability 
[28]. Fig. 2.5 illustrates a scenario in which a plane wave (1) passes through 
a lossless region of nonuniform index of refraction which induces phase distortion 
upon it. When this distorted wave (2) is incident upon a PCM, the phase-conjugate 
wave (3) is created. Propagating this wave through the same distorter leads to an 
aberration free beam (4).
Another important property of FWM is that the phase-conjugate beam can 
be more intense than the input signal beam [29]. Therefore, FWM can not only 
create a phase-conjugate replica of input beam but also provides gain. The ratio 
of intensity of the phase-conjugate beam to that of the signal beam is called phase 
conjugate reflectivity.
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Figure 2.5: Distortion correction via phase conjugation
2.3 P hotorefractive oscillators
Two- and four wave mixing can lead to a strong gain for the optical signal. There­
fore, by using these interaction schemes within optical resonators one can create 
optical oscillators. A simple photorefractive oscillator is created by placing a pho­
torefractive crystal illuminated by a pump wave into a ring cavity. Photorefractive 
oscillators have unique properties which are potentially useful for ring laser gyro­
scopes, ring lasers, and holographic memories [28, 30]. In this section I discuss the 
properties of photorefractive oscillators in various configurations.
2.3.1 P h otorefractive  oscillators in various configurations
The first photorefractive oscillator was demonstrated in 1980 by Feinberg and Hell- 
warth [29]. By externally pumping a BaTiO3 crystal with two counter-propagating 
beams, a pair of counter-propagating beams were built-up as oscillations within a 
cavity (Fig. 2.6(a)). Subsequently, a wide range of photorefractive oscillators were 
developed [5, 13, 31, 32, 33, 34, 35] (see Fig. 2.6).
All of these oscillators rely on the gain from the photorefractive wave mixing
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(a) Bidirectional 
ring oscillator
(c) Semi-linear 
PPCM
(b) Linear passive 
phase conjugate 
mirror
(d) Total internal 
reflection (TIR)
(e) Ring PPCM
Figure 2.6: Photorefractive oscillators
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and optical feedback provided by the resonator which can be in the form of an 
external cavity (ring or linear) or due to total internal reflections within the pho- 
torefractive crystal [30]. Oscillations in a photorefractive resonator are sustained 
by the parametric gain due to two-wave coupling or four-wave mixing, and by 
the self-adjusted phase change of the oscillating beams by the coupling process to 
satisfy the oscillation condition [32, 36].
2.3 .2  R in g  o sc illa to rs
Our purpose is not only to establish oscillation within the cavity, but also to obtain 
the stable and strong output power with the lowest threshold. In some resonators 
in Fig.2.6 (such as (c), (d), and (e)), the length of the resonator cavity is not well 
defined, many transverse modes oscillate, and each mode has a different frequency 
shift. The competition between different transverse modes may cause instability 
of the generated beams. These problems can be overcome easily by a well defined 
ring resonator.
A . U n id ire c tio n a l o sc illa to r
The schematic of the unidirectional oscillator is shown in Fig.2.7. Due to its
Figure 2.7: Unidirectional oscillator [36]
simplicity it can be used as a model to demonstrate the fundamental principles of
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photorefractive oscillators. Additionally, it is the basic element for the oscillating 
system discussed later in this thesis. It contains a photorefractive crystal placed 
within a ring cavity. The crystal is illuminated by the pump beam. Generation of 
the oscillation within the cavity is due to the amplification of the scattered (noisy) 
radiation via the energy transfer from the pump beam.
The unidirectional ring resonator is based on two-wave mixing process. In a 
steady-state oscillation, the electric field must reproduce itself, both in phase and 
in intensity, after each round trip. So the oscillation condition can be written as 
[36]:
Axp + J  kds = 2m7T (2.36)
gR = 1 (2.37)
where A ip is the additional phase shift owing to photorefractive coupling. The
integration is over a round trip along the beam path. R is the product of the
mirror reflectivities, and g = Mi
/ 4( 0)
is the parametric two-wave mixing gain.
In general, the frequency of the oscillating beam may differ from that of the 
pump. If uj\ is the frequency of the pump beam then we denote the possible 
frequency shift of the signal beam by Q = uj\ — ^ 2 ( ^ 2  is the frequency of the 
oscillating beam).
The presence of frequency shift for the oscillating beam leads to a decrease of 
the coupling constant for two-wave mixing. In unidirectional oscillation the real 
part of the coupling constant, which is responsible for intensity amplification, can 
be written as [36]:
r = r0
1 +  ( Qt )2
(2.38)
where To is coupling constant for the degenerate case (i.e. Q = 0) and r  is a time 
constant. The product Qr, which is a function of cavity losses and cavity detuning,
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can be determined as:
2(A + 2Mtt) 
2 al — log R
(2.39)
where A is the cavity detuning, a is the absorption coefficient of the crystal. 
From the (2.37) one can obtain the threshold condition for oscillation:
where Tt is the threshold parametric gain constant.
Since T is a function of frequency detuning Q, Eq.(2.40) determines also the 
spectral region where the oscillation is possible. Using Eq.(2.38) one gets from 
Eq.(2.40)
This inequality (2.41) defines the spectral regime where the parametric gain is 
above threshold (i.e., T > r t).
B . B id ire c tio n a l o sc illa to r
Based on the concept of a unidirectional oscillation discussed above, more com­
plicated oscillators can be constructed. For instance, by adding a second pump 
beam to the unidirectional oscillator, as shown in Fig. 2.8(a), one can form an­
other oscillation beam propagating in the opposite direction to the first one. In 
this particular case the interaction process inside the crystal is actually four-wave 
mixing and the two oscillating beams form a pair of phase conjugate waves. In 
the configuration of Fig. 2.8(b), there are two photorefractive crystals inside a ring 
cavity. Each crystal is illuminated by a separate pump beam and two pump beams 
are mutually incoherent. The resulting two counter-propagating ring oscillations 
are also mutually incoherent. Again, in each crystal the gain is provided by a four 
wave mixing process. As a result of this interaction, two phase-conjugate replicas 
of pump beams are created (/5, and / 6 ).
TI > Ttl = 2al — log R (2.40)
(2.41)
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(a) Bidirectional ring resonator pumped 
by two counter-propagating beams 
(Fig. 2.8(a)) [28, 37]
(b) Bidirectional ring resonator with two 
photorefractive crystals. [14]
(c) Bidirectional ring resonator with one 
crystal, three gratings are inside the crys­
tal [38]
Figure 2.8: Schematics of few typial ring resonators
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The third schematic (Fig. 2.8(c)) shows the new concept for a bidirectional ring 
oscillator introduced in this thesis. In this configuration, two incoherent pump 
beams illuminate the opposite sides of the same photorefractive crystal which 
is located inside a ring cavity. This results in the appearance of two counter- 
propagating oscillating beams inside the cavity as well as two phase-conjugate 
replicas of the pump beams. Unlike the configuration in Fig. 2.8(b), which oper­
ates via a single grating in each crystal, here there are three different index gratings 
within one crystal. Detailed analysis of this oscillator and its application for mu­
tual phase conjugation is the subject of the first part of the thesis (chapter 3 and
4).
2.4 P h o to re fra c tiv e  o p tic s  in  w avegu ides
Because of the applications in optical communications and optical signal process­
ing, the field of integrated optics has attracted great interest in recent years (15]. 
Since the use of waveguide structures involves strong spatial confinement of optical 
beams, the light intensity in waveguides can be quite high even with low optical 
power. For this reason, waveguide structures are expected to be of great interest 
for nonlinear optical applications [39]. A variety of nonlinear effects such as second 
harmonic generation [40, 41], wave mixing and phase conjugation [42, 43, 44] have 
been observed using planar waveguides.
The optical waveguides can be formed in various materials including photore­
fractive crystals. Of relevance is the fact, that a lithium niobate crystal, one of the 
most common materials used in integrated optics, exhibits a strong photorefractive 
effect [77]. In most cases, a lot of effort has been directed towards avoiding the 
PR effect as it may strongly affect the performance of waveguide devices such as 
interferometers [45]. However, there have also been attempts to take advantage
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of this effect to construct passive waveguide devices based on the refractive index 
gratings [77]. Recently, the application of the PR effect in waveguide devices has 
become a very active area of research. It has been shown for instance, that high 
light intensity significantly speeds up the index grating formation process. This 
allows for the construction of devices where a fast response time is required, such 
as self phase conjugation [46] or reconfigurable holographic interconnections [47]. 
Also, the possibility of permanent fixing of refractive index grating in photorefrac- 
tive waveguide makes it possible to create very efficient, narrow-bandwith mirrors 
for integrated waveguide lasers [48, 49].
In this thesis I investigate the new geometry of wave mixing and grating for­
mation in a photorefractive waveguide. Strong amplification of the guided beam, 
its optical phase conjugation as well as the profile control of the outcoupled optical 
signal will be described in detail in chapters 5,6 and 7.
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C hapter 3
TH E PH O T O R E FR A C TIV E 
RIN G  OSCILLATOR PU M PE D  
BY MUTUALLY IN C O H ER EN T 
BEAM S
3.1 Introduction
A mutually pumped phase conjugator generates the phase-conjugate replica of 
each of the two incident optical beams [14, 50, 51, 52, 53, 54]. This is realized by 
reflection of both pumps by the shared hologram. The two incident beams are not 
required to be mutually coherent. They may even be derived from different lasers 
and can have different wavelengths.
In this Chapter, I will discuss the mechanism responsible for the mutual phase 
conjugation of two incoherent beams in a photorefractive crystal. A theoretical 
model of a photorefractive six-wave interaction in a crystal pumped by two inco­
herent beams will be developed. Some properties of this system such as coupling
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constants will be discussed. I will also compare our system with other commonly 
used phase conjugators, like the DPCM and the two-crystal system. Numerically 
obtained characteristics of this six-wave mixing system such as phase conjugate 
reflectivity, operating range and threshold will be presented.
3.2 G rating sharing in a m utually pum ped phase  
conjugator
photo refractive
crystal
c-axis
Figure 3.1: Schematic operation of DPCM: Curved lines in crystal representing actual 
paths o f beams, which are rotated gradually by shared gratings.
The DPCM is a well-known device which couples energy from two incoherent
pump beams into their phase conjugate replicas. As almost all types of mutual
phase conjugators are equivalent to the DPCM [55], I will use the latter to discuss
the principles of the mutual phase conjugation. In the DPCM, two incoherent
beams illuminate two sides of a photorefractive crystal and establish an optical
connection within the crystal. Through this optical channel the energy of each
beam is transferred into a phase conjugate replica of the other beam. As both
incident beams are mutually incoherent, no direct interaction takes place. Mutual
phase conjugation is established through a self adjusting process called grating
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sharing. Following [50], I will discuss below the grating sharing mechanism and its 
role in the mutual phase conjugation in the case of a traditional conjugator (such 
as DPCM) as well as the new arrangement with the external cavity. Comparison 
between these two systems and the advantages of the one introduced here will be 
presented.
As shown in Fig.3.1, two incoherent pump beams A\ and A3 (with the same
frequency) illuminate two sides of the photorefractive crystal. No direct grating
can be formed by A\ and A3 themselves. However, many weak gratings are formed
by each pump beam with its scattered beams (scattering due to surface or bulk
impurities and defects). All these gratings share the same crystal volume. Each of
the weak gratings is formed by the standard two wave mixing (TWM) process. If
we assume that the photorefractive medium operates by diffusion only so that the
phase shift between interference fringes and induced gratings is </> = 7t/2 ,  and also
for simplicity, neglect the crystal absorption, then the wave interaction is described
by the following system of coupled-wave equations
<14, _  _ \A,\2At
dz lij h  ’
dAi _  I^»l2Aj (31)
dz /o ’
h j  — 1? 2 ,3 ,.... (i y£ j)
where A{ and Aj are any of two beams originating from the same pump and 70 is the 
total light intensity. Eq.(3.1) indicates that many sets of beams undergo two-beam 
coupling. However, these two wave mixing processes are not entirely independent. 
All equations are coupled through the total light intensity 70 which accounts for 
the cross washout of the gratings due to the presence of other sets of beams. The 
limited photo-excited charge density shared by many gratings effectively limits the 
amplitude of each of them to a very low level.
However, among the myriad of scattering-induced gratings, one and only one
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is strengthed by both incident beams. This is the grating which is oriented in such 
a way that the diffraction of one pump beam on this grating generates a beam 
propagating exactly opposite to the other pump (as shown in Fig. 3.1). In this 
case, the grating created by A\ and A 2 overlaps with the grating created by A3 
and A4 . These four beams must satisfy conditions: k4 = — ky and k2 = —k3, so 
that gratings created by them overlap and are strengthened even though the beams 
are incoherent. The beam amplification corresponding to the overlapping grating 
is higher than those of any other gratings [6, 50] because it is reinforced by both 
incident beams (whereas other gratings are reinforced by only one incident beam). 
As more and more energy of both incident beams is coupled into diffracted beams 
by this grating, its strength increases and it starts dominating other gratings. 
This shared grating continues to build up until a steady state is reached when all 
other gratings are eliminated. And it is exactly this shared grating which provides 
coupling between both incident beams, and couples energy from one pump into 
the other pump’s phase conjugate replica.
3.3 Basic properties of a ring oscillator
The capability of connecting two incoherent beams and generating phase conjugate 
replicas of each other by photorefractive crystals is very useful in real applications. 
For example, two beams, one from a single mode fiber and the other from a multi­
mode fiber, can be connected through a shared grating and light energy from a 
multi-mode fiber can be coupled into a single mode fiber [56, 57] as was demon­
strated with the double phase conjugate mirror [51]. Although simplicity of DPCM 
and like-devices makes them very attractive for practical applications, their use is 
restricted because of material constraints. For the mutual phase conjugation to 
occur the coupling strength, which is determined by material parameters, has to
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be higher than some threshold value. This means that only photorefractive crys­
tals with relatively strong electro-optic properties can be used in these devices. 
This limits possible candidates to materials such as barium titanate, strontium 
barium niobate and potassium niobate. In addition, these particular crystals are 
slow as far as photorefractive response time is concerned. On the other hand there 
are different photorefractive materials such as bismuth silicon oxide (BSO), bis­
muth germanium oxide (BGO) or barium titanium oxide (BTO) which exhibit 
fast photorefractive response time (of the order of milliseconds) but rather poor 
electro-optic properties. These crystals cannot be used in typical self-pumped mu­
tual phase conjugators. It turns out that it is possible to overcome the barrier 
of high coupling strength by providing a positive feedback mechanism which will 
initiate mutual phase conjugation even for low coupling. Here, this feedback will 
be realized by using a ring cavity.
In the following section I will discuss, first, the role of an external cavity on 
the operation of a ring phase conjugator as this concept will be employed later in 
the bidirectional mutual phase conjugator. For this I will use the simplest ring 
oscillator (see Fig. 3.2) [36, 55] which is a uni-directional ring oscillator.
The arrangement under consideration is as follows. A photorefractive crystal is 
placed in a ring cavity, and is illuminated by the single pump beam I \ .  The proper 
crystallographic orientation ensures that the energy will be transferred from the 
pump to the beam circulating in the cavity. The coherence length of the pump 
beam is longer than the cavity length, so this beam can form interference fringes 
with the beam reflected back by the cavity. When the crystal is illuminated by 
1 1 , many weak gratings are generated and beams inside the crystal bend toward 
the opposite crystal face and spread out in a wide angled range (fanning effect). 
Among these beams, there are some which can be reflected back to the input face
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of / 1 by the cavity, and amplified again through TWM. The positive feedback 
provided by the cavity helps strengthen the grating formed by pump beam and 
oscillating beam / 2, and helps eliminate other weak gratings. This grating, in turn, 
couples more pump energy into the cavity until a steady state is reached.
pump
beam
Figure 3.2: Schematic drawing of a unidirectional photorefractive ring resonator
Only the two-beam coupling process is responsible for the interaction of the 
beams. The corresponding coupled-wave equations are exactly solvable and their 
solutions for intensities (Ii, / 2) and phases (-01, 02) of both beams are given as [27]
1 _1_ rr7 1
h(z)  = h ( 0 ) - - +- p-e~2°* (3.2)
h(z)  =  7a(0) | + ”! r , e -2M (3.3)1 + me 1 z
W *) =  WO) -  ^  In ( ^ T )  (3.4)
^ )  =  ^ (0) +  f l n ( l | l em r . )
where T and ß are defined in (2.28), and m is the input intensity ratio
m = A ( Q )
/ 2( 0)
(3.6)
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For T > 0 the oscillating beam I2 draws the energy from the pump beam I\. If the 
energy increment exceeds the losses (crystal absorption and Fresnel reflection as 
well as cavity loss) then beam I2 is amplified. Such an amplification is required to 
start and maintain oscillation within the cavity. As the intensity of the oscillating 
beam in the resonator builds up, the parameter m  decreases, leading to saturation 
of the gain. In the steady-state, the amplitude of the oscillating beam must re­
produce itself after each round trip. In the other words, the following oscillation 
condition must be satisfied:
Aip + J  kds = 2Nn  (3-7)
and
/ 2(0) =  Rh(L)  (3.8)
where Aip is the additional phase shift owing to the photorefractive coupling. L 
is beam interaction length within the crystal and R is the product of the mirror 
reflectivities.
If we define a cavity detuning parameter A as
A =  2N'-n -  J  (3.9)
where N 1 is an integer chosen in such a way that A lies between — 7r and +7T , then 
the oscillation condition (3.7) can be written as
Aip = A + 2Mn (3.10)
where M  is an integer. The meaning of Eq.(3.10) is that the oscillation can be 
achieved only when the cavity detuning can be compensated for by the photore­
fractive phase shift.
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Using (3.3), (3.6), and (3.8), we can obtain
/»(0) = / , ( 0 ) ( 11_ J^ , - l )  (3.11)
A = V>2 (L) -  t/>2(0) =  ln(fie_2al) (3.12)
(3.11) gives the intensity of the oscillation and (3.12) gives the phase shift of beam 
A2 due to the nonlinear interaction. Since / 2(0) must be positive, from (3.11) the 
threshold condition for oscillation is
Tl > Ttl = 2al — ln R (3.13)
where Ft is the threshold parametric gain constant. This equation is just an energy 
conservation law. The oscillation is established if the energy acquired from the 
pump beam compensates the losses.
As the cavity length is not necessarily equal to the multiple of the pump wave­
length, the frequency of the oscillating beam may differ from that of the pump. 
If we denote frequency detuning between the pump and the oscillating beams by 
$2 = uji — uj2 then, for a diffusion dominated two wave mixing process, the coupling 
constant is [36]
r = r0
1 +  ( f t r ) 2
(3.14)
where T0 is the coupling constant for degenerate TWM (i.e., $2 = 0). From the 
oscillation condition one can then determine the frequency detuning $2r as [36]
$2r =
-2A-0 —2(A + 2Mtt)
2 al — ln R 2 al — ln R (3.15)
A is the cavity detuning defined by eq.(3.9). Using Eqs.(3.13) and (3.14), we obtain 
a finite spectral regime within which the gain is above threshold. This regime is
|$2t | < ^ r oZ
2al — ln R
-  1
1/2
(3.16)
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The oscillation frequency uj2 = , which is slightly detuned from the pump
frequency, is a function of cavity characteristics like cavity detuning, cavity reflec­
tivity and absorption of the crystal. These characteristics also define the lowest 
coupling constant of the crystal needed for the system to achieve stable oscillation.
3.4 M u tu a lly  p u m p e d  b id ire c tio n a l r in g  oscilla­
tio n
In trying to explain the effect of complicated internal loops in photorefractive 
crystals, Yeh et. al. [14] proposed a new model for mutually pumped phase conju­
gation (see Fig. 3.3). This model consists of two mutually incoherent laser beams
Figure 3.3: Diagram of proposed model of Bi-directional ring resonator by Yeh et. 
al.
pumping two separate photorefractive media, such as BaTiO$ crystals, inside a 
ring cavity. This arrangement closely follows the geometry for an unidirectional 
ring resonator as discussed in the previous section. The two crystals are oriented in 
such a way that crystal #1 will provide two-wave mixing gain for counterclockwise 
unidirectional oscillation when it is pumped by laser beam /ß, and crystal #2 will 
provide two-wave mixing gain for clockwise unidirectional oscillation when it is
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pumped by laser beam / 4. If these gains are large enough to overcome absorption 
and cavity losses, then oscillation will occur.
There is one grating in each crystal formed by the pump beam and its cor­
responding unidirectional oscillating beam. The existence of the external cavity 
forces the two oscillating beams I\ and / 2 to propagate in exactly opposite direc­
tions. So they form a pair of phase conjugate replicas of each other. I\ (and / 2) can 
be diffracted by the grating in the crystal #2 (and #1) into the direction opposite 
to that of the pump beam /4 (and / 3) to form a phase conjugate beam /5 (and / 6). 
The grating orientation in each crystal is determined by the direction of the pump 
beam and cavity, and does not depend on the direction of the pump beam in the 
other crystal. The cavity, which introduces the positive feedback for buildup of 
the oscillating beams, determines the direction of the oscillating beams.
It should be mentioned that even without an external cavity, it is still possible 
to establish a connection between these two crystals and create a phase conjugate 
replica for each pump beam [51]. In this case, two separate DPCMs are created 
and two counter-propagating beams travel in the channel between the two crystals. 
The difference between the systems with and without external cavity is simply the 
level of the threshold needed to start oscillation. The positive feedback introduced 
by the external cavity can decrease the threshold, increase the operating range and 
the flexibility of the system.
Based on the above system, we proposed a similar system, which uses only 
one crystal [38]. Referring to Fig.3.4, the system consists of a photorefractive 
crystal placed inside a ring cavity which is formed by high-reflectivity mirrors. 
The crystal is BaTiOs which is illuminated by two mutually incoherent external 
pump beams / 3 and / 4. The crystal orientation is assumed to ensure that each 
pump beam acting alone generates an oscillating beam within the cavity by means
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Figure 3.4: Schematic diagram of the mutual pumped phase conjugator with a 
bidirectional ring resonator. The crystal provides gain for both oscillating beams 
and phase conjugate beams.
of a standard two-wave mixing process. Thus the pump beam / 3 generates beam Ii 
propagating counterclockwise in the cavity, whereas pump beam / 4 generates beam 
I2 propagating clockwise. Therefore this system consists of two ring oscillations, 
and it gives rise to two counter-propagating oscillating beams.
However this system does not merely represent two independent ring resonators 
sharing the same gain medium [58]. As we show below, the two oscillators are 
strongly coupled, leading to mutual phase conjugation. We identify all possible 
coupling channels in this system. Each oscillating beam interacts with its own 
pump through a corresponding refractive index grating (see Fig.3.5).
The pump beam / 3 and oscillating beam I x form a grating with the wave vector 
Ki = k x — k3 and amplitude Q\. On the other hand, the pump beam / 4 and 
oscillating beam I2 form the grating Q2 with a wave vector K 2 = k2 — k4 different 
from Ki. Because of the particular geometry used, these two gratings overlap but 
have different orientations and periodicities. Let lo be the frequency of the two 
pump beams. When the oscillations occur, the frequencies of the oscillating beams
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Figure 3.5: Two separate gratings are generated by two pump beams, and they 
help establish counter-propagating oscillations within the cavity
can be slightly detuned (as discussed in section 3.3) from those of the pump beams 
and are designated a; + fii and u  + According to Eq.(3.15), the frequency 
detuning is given by
—  —
2(A i + 2mj7r)
TiA
i = l,2 (3.17)
with
Aj =  2Aj7t — J  kids, « = 1,2 (3.18)
where Ai is the cavity detuning for the cavity modes at frequency u  and is defined 
between — n and 7r; and Ni are integers; t * are values of the photorefractive 
response time for the gratings Qi and Q2 respectively. A is the total cavity loss 
given by — In(RTsTp), with R  the product of the reflectivities of the cavity mirrors, 
Ts the transmission through the BaTiO3 crystal accounting for the absorption, 
surface reflections, and scattering losses (including beam fanning), and Tp the 
effective transmission through the pinhole aperture (usually placed to confine the 
oscillations to the fundamental spatial modes).
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3.4.1 T he gen eration  o f phase con ju gate  replicas
We now examine the cross readout of the gratings inside the crystal. The am­
plitudes of oscillating beams and pump beams are A\, A2, A3, A4, and their 
intensities are 11 , / 2, / 3, I4 respectively. The pump beam A^(u) and the oscil­
lating beam A 4(lj + lb) form the grating Qlm The amplitude of the grating Q1 
is proportional to product A 4A\. When the clockwise oscillating beam with the 
amplitude A2 (u; + lb)? propagates through the grating Q1? it is Bragg diffracted in 
the direction opposite to that of beam 4 3, because oscillating beams are counter- 
propagating and they are each Bragg matched to both gratings. The frequency 
of this diffracted beam (amplitude A§) is uj + lb  -1- lb- A similar situation occurs 
with beam A\(lj + lb) reading out the grating Q2 to produce a second diffracted 
beam 4 5 (u; + lb  + lb) counter-propagating with respect to A4. The interaction 
involving each grating is a standard four-wave mixing process, and the relationship 
between the pump beams and the oscillating beams is given by
8Aq^ lo lb  A lb) oc A\{lo fb)A3(cj).A2(u T lb)?
8 A§{uj -f- lb  T lb) oc A2(to A 122)A4(cj)Ai (cj -1- lb)? (3.19)
If the two ring oscillating beams are phase conjugates of each other, then two 
diffracted beams 8Ae and 8A$ can be spatial phase conjugates of the incident 
beams A3 and A 4 , respectively. That is, if Ai = A\, then 8Aq oc A\ and 8A$ oc 
A\. Because the path of the oscillating beam is defined by the resonator cavity, 
the two oscillating modes are exactly counter-propagating. In addition, the two 
counter-propagating oscillations in a stable cavity are exactly a phase conjugate 
pair, provided that they oscillate in the same transverse mode. Our experiment 
showed that the transverse modes of the two counter-propagating oscillations were 
the same.
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3.4.2 A new channel to  couple energy from  one pum p to
phase conjugate rep lica of th e  o th e r
Until now the situation in our model is similar to that in reference [14] with two 
separate photorefractive media. The only difference is that now the two gratings 
occupy the same volume of the crystal while, in the former model, two gratings 
were located in separate crystals. However, it turns out that overlapping of two 
earlier mentioned gratings leads to the formation of an additional coupling channel, 
a grating with an amplitude Q3 formed by the interference of the phase conjugate 
beams with the pump beams (see Fig.3.6). The phase conjugate beam Ab (of
the pump beam A4) is derived from the oscillating beam A\, which is coherent 
with the pump beam T3. It is obvious that A5 is also coherent with 4 3, so these 
two may interfere and form a new index grating Q3. The wave vector of this 
grating is K 3 = k5 — k3 and it is different from the wave vectors of the other 
two gratings. The amplitude of grating Q3 is proportional to A5A^. Since A4 is a 
phase conjugate replica of 4 5, the Bragg condition is automatically satisfied, and 
A4 can be diffracted by this grating in the direction opposite to the pump beam 
As- Through the standard four-wave mixing process, the amplitude increment of 
this beam is given by
Figure 3.6: All possible beams and gratings within crystal
8Aq(lü -f- fU T fU) 6A§(yo + fU T fl2)4ß(Lj)T4((j) (3.20)
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Similarly, beams A6 and A4 are coherent, and form a grating with the wave vector 
K3 = k6 — k4. Beam A3 can be diffracted by this grating, and the diffracted beam 
is
6A'5(u +  Qi +  ^ 2) oc SAq(u 4- fii +  SI2 )A\(u)A^uo) (3.21)
Since beams A3 and 6A$ are phase conjugate beams of 6A6 and A4, then K'3=K3.
Because A4 and SA5 form a pair of phase conjugate beams, A'6 and A3 are 
a pair of phase conjugate beams as well. As mentioned before, A6 and A3 are 
a pair of phase conjugate beams, so beams Ab and A'6 are identical. Hence, the 
total contribution to the phase conjugate beam of pump A3 is AA6 = 6A§ 4- SA'§. 
Similarly, the total contribution to the phase conjugate replica of the pump A4 is 
given by AA5 = ÖA5 4- 5A'b.
Altogether, there are three different refractive index gratings in the photore- 
fractive crystal that couple six different optical beams. It can be shown that this 
is a closed system, i.e., diffraction of these beams from the gratings does not lead 
to any new beams and/or gratings. Each of the six beams satisfies the Bragg 
condition of two gratings and is diffracted into two different directions.
Three gratings sharing the same volume of crystal meaning that the limited 
amount of electric charges has to be divided between three different gratings. Fur­
thermore each grating is washed out by two beams which do not satisfy the Bragg 
condition of this grating. These processes determine the strength of each grating, 
which may be weaker than a single grating system. However, because these gratings 
can either get positive feedback from the cavity (Q1 and Q2) or be strengthened by 
the existence of the other two gratings, none of them can be completely eliminated 
if both oscillating beams exist within the cavity.
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3.5 T h e o re tic a l m odel
The process of coupling six waves in a photorefractive medium is described by the 
coupled-wave mixing equations for the complex amplitudes of the beams and by 
the equations describing the time evolution of the refractive index gratings. The 
system is treated as having three separate gratings and six beams. Each beam 
satisfies the Bragg condition of two gratings. Each grating leads to a standard 
four-wave mixing process.
Grating Q i is formed by interference of beams A\ and A3 as well as A2 and Aß. 
The k vector of this grating is Kx = kx — k3 = k6 — k2. The beam A2 reads out 
this grating and produces the Bragg diffracted beam A 6 (see Fig.3.6). According 
to Eqs.(2.32)- (2.35), the influence of grating Q i on these four beams is
6 A i oc 7iQ iA35z 
6 A I oc —' y i Q i A l S z
SAq oc - 7 i QiA2Sz (3.22)
5A*2 oc ^\Q \A \8z
The absorption of the crystal will be considered later in equations describing the 
whole system. The change in these four beams induced by grating Qi in turn 
modify the amplitude of grating Q i . Also, because beams A\ and A2 can be 
reflected back by the external cavity, the modification effect' is accelerated. The 
time evolution of grating Q i is governed by
dQi , Qi _  1^ ^ 3 + A ^ A ß  (o ooA
o, +  — r { 0 . 4 0 )
Ot  T\ I 0Ti
Here, Iq is the total intensity of light beams within the crystal, and it is given by 
/„ = |.4, 12 + |4 2|2 + |4 3|2 + |4 4|2 + |4 5|2 + |4 6|2 (3.24)
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Grating Q2 is formed by interference of beams A2 and A4 as well as A5 and A\. 
The beam A\ reads out this grating and produces the Bragg diffracted beam A$. 
The k vector of this grating is K 2 = k2 -  k4 = k5 — k4. The influences of Q2 on 
these four beams and the time evolution of grating Q2 are
6A2 oc r)2Q2A\ Sz
SA\ oc 72Q2A*26z
öA5 oc ^Q^Axbz (3.25)
8A\ oc - y 2Q2A*56z
dQ2 Q2 _  A^A\ + A4A2
dt t2 I0t2
If both Qi and Q2 exist in one crystal, newly created beams A5 and A6 are 
certainly in the same crystal, and these two beams are coherent with two pump 
beams A3 and A4 respectively. Then a new grating Q3 can be formed by the 
interference of beams A3 and T5 (and the interference of beams A4 and A6). The 
k vector of this grating is K 3 = k5 — k3 = k6 — k4. The influence of the grating 
Qs on these four beams and the time evolution of grating Q3 are
öA5 oc ^3Q3A36z
6A*3 oc - j 3Q3A*56z
6Aq oc - r)3Q3A4bz (3.26)
8A\ oc 73Q3A*66z
dQ3 Q 3  _  ^ 5 ^ 3  T A^Aß
dt t3 I0t3
Ai (i = 1 — 6) is the slowly varying amplitude of the ith beam, Q3 (j  — 1 — 3) 
is the amplitude of the j th  refractive index grating. 7j denotes the photorefrac- 
tive coupling constant for the jth  grating, which is determined by electro-optic 
properties of the crystal, the geometry of interaction, and the physics of the pho- 
torefractive grating formation process [19]. Assuming that the crystal is diffusion
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dominant and that no external electric field is applied, the phase shift between the 
interference fringes and the related refractive index grating is 7t/2 , and all 7j are 
real numbers. Ti T2 and t3 are time constants of three gratings. In general, for an 
arbitrary value of the photorefractive phase shift between the interference fringes 
and the refractive index grating, both the coupling constant and the time constant 
are complex numbers [59]. The complex coupling constants, time constants as well 
as the instability of this system will be discussed in the next chapter.
All beams and gratings share the same volume of the crystal, and each beam 
participates in the mixing process via two different index gratings. For example, 
beam A\ is diffracted by gratings Q\ and Q2 simultaneously. As a result, the 
final equations which describe this system should include all interactions between 
gratings and beams. Based on Eqs.(3.22) —(3.26) and taking into account the 
absorption losses of the crystal, the whole six-wave mixing processes in this crystal 
can be described as
dQ\
dt
dQ2
dt
dQs
dt
dAi
dz
_
dz
dA$
I h  ~  
dA2
dz
dA\
dz 
dAe 
dz 
j Qi 
Tl
| Q2
T2
| Qz
T3
7 1 Q1A3 — I 2Q2A5 — OiAi 
—71Q1AJ — 73Q3A5 — a A l  
I 3 Q 3 A 3  +  7 2 ^ 2 ^ 1  — 0 A 5
—7 2 Q2A4 + 7iQiAß + aA 2
I 2Q2A2 + 73^3^6 +  CkAl
“ 7 3 ^ 3 ^ 4  — 7 1 Q 1A 2 +  Ck'.Aß
A1A3 + Ä^Aft
Ion
A 5  A l  +  A 4 A 2  
Ion
A 5A3 + A \A q
ion
(3.27)
(3.28)
(3.29)
(3.30)
(3.31)
(3.32)
(3.33)
(3.34)
(3.35)
The direction of the c-axis determines the directions of energy transfer between 
coupled beams inside the crystal. In this six beam coupling system, where the
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direction of the c-axis shown in Fig.3.4, pump beams / 3 and / 4 lose energy to os­
cillating beams and phase conjugate replicas of pump beams, oscillating beams 
get energy from pump beams and lose energy to phase conjugate replicas of pump 
beams.
Because the refractive index of the crystal is quite high, no matter how big 
the outside angles of pump beams are, the angles between pump beams and 2-axis 
inside the crystal are quite small. So it is reasonable to assume that all beams 
propagate along the 2-axis inside the crystal.
3.5.1 B oundary  C ond itions
To describe the optical fields inside the crystal completely, the appropriate bound­
ary conditions for the beams at 2 = 0 and 2 = L planes in the interaction region 
must be specified
^ 3 ( 0 )  —  - 4 p i ,
A\(L) = Ap2,
A5( 0) =  0, (3.36)
Aß(L) =  0 ,
j4i (0) =  Ai(L)\/Rexp(i(J)),
A2(L) = A2(0)\/Rexp(i<f>),
where R is an effective reflectivity of the external cavity and (f) is the phase shift 
accumulated by the beams during propagation around the cavity. Here we assumed 
that two opposite oscillating beams acquire the same phase shift for each round 
trip. Api and Ap2 are constant amplitudes of the two pump beams at the incident 
2 — 0 and exit 2 = L faces of the crystal.
As is clear from the coupled equations, all three gratings are characterized by
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the corresponding coupling constants which depend on the material parameters 
and the geometry of interaction (crystallographic orientation). In the following 
section, I will discuss how to relate these parameters with the geometry used in 
our experiments.
3.6 C o up ling  c o n s ta n ts  for w ave m ix ing  in  b a r ­
ium  t i ta n a te  c ry s ta l
When two coherent beams enter the crystal (see Fig.3.7) and cross each other, 
they form a grating. The coupling constant of this grating depends not only on
c-axis
Figure 3.7: Two incident beams I\ and I2 pass through the crystal and form a 
grating
material parameters such as the electro-optic tensor, the c-axis direction and the 
refractive index, but also on the angle between the two interacting beams within 
the crystal. The expression for the coupling constant is given in (2.27) as
innie~l(t)
^  A cos 6
where ri\ is defined by (2.21) as
= - n l r en E sy  (3.38)
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ref f  is an effective electro-optic coefficient (which is in fact a linear combination of 
the electro-optic tensor elements that depends on the crystal orientation and 
direction of the space charge electric field. For a crystal of point group 4 mm such 
as BaTiOs and S B N , r ef f  is given by [5]
r ef f  =  r u  sin ( --- ^ -  2- )  (3.39)
for beams of ordinary polarization, and
r 4 _ o o o / O '! "I-  0^2 \
re/ / =  [nor 13 cos « 1  cos <a2 + 2nen0r42 cos ( ----------------)
+ Ugr33 sin on sin a 2] sin (— ^ - 2-)/(nen^) (3.40)
for beams of extraordinary polarization, au and o2 are the angles of two beams 
with the c-axis of the crystal, as shown in Fig.3.7 and n0 and ne are refractive 
indices for ordinary and extraordinary polarized beams, respectively.
The largest electro-optic coefficient of B a T i0 3 is 742. As the expressions (3.39) 
and (3.40) indicate it can be utilized using extraordinary polarized beams. In fact, 
it is well known that the wave coupling in BaTiOs for ordinary polarization is 
much weaker than for extraordinary. That is the reason we also used extraordinary 
polarized beams in our experiments.
The space charge field E f c is given by (2.16) (for no externally applied field).
At room temperature, the typical values of the material parameters used to 
calculate the coupling constant are [60]: ne =  2.424 and n0 = 2.488 (at 514.5 nm); 
ri3 = 8 x 10~l2m/V] r42 = 820 x 10~l2m/V;  r33 = 28 x 10~l2m/V; ea = 4300 (the 
DC dielectric constant perpendicular to the c-axis); ec =  106 (the DC dielectric 
constant parallel to the c-axis). The charge density in the crystal used in our 
experiments is 7.3 ± 0.2 x 1016cm-3 [61]. Fig.3.8 shows the coupling constant for a 
range of incident angles. It is clear that for a certain incident angle /?2, the coupling 
constant is the highest when ßi = 0; and this maximum value increases when ß2
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Figure 3.8: The coupling constant as a function of angle of incidence ß\. 
decreases.
In the six-wave mixing which we are considering, there are three different grat­
ings. Their orientation and strength depend on mutual orientation of all beams. 
In Fig.3.9 we show the schematic of six beam mixing geometry with the corre­
sponding incident angles for all beams. The angles of incidence for these beams
c-axis
Figure 3.9: Mutual orientation of beams in a six-wave mixing process.
satisfy the following relations
ßi = 7T -  ß2, ß3 = 7T -  ß6, ß5 = 7T -  ßA (3.41)
The coupling constants can be positive or negative depending on the incident
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Figure 3.10: Angular dependence of coupling constants in six-wave mixing process, 
(a) ß1 = 90°, ß3 = 30°. (b) ßi = 105° and ß3 = 45°.
angles. For instance, if ß\ < ß3, then < 0, and beam I3 is amplified. Since 
mutual phase conjugation requires the presence of both oscillating beams, both 
pump beams have to provide optical power to the cavity. This means that the 
coupling constants should all be positive.
Fig.3.10 shows dependence of three coupling constants on the angle of incidence 
/?4 for ßi and ß3 fixed. It is clear from Fig.3.10(a) that the coupling constants 72 and 
73 depend rather strongly on incident angles. By properly choosing the orientation 
of the crystal and the incident angles of the pumps one can ensure high efficiency 
for the coupling process.
3.7 N um erical resu lts
It is evident from Eqs.(3.27)-(3.36) that the behavior and the properties of the six- 
wave mixing system are governed by a number of parameters such as the intensity 
of pump beams, the coupling strengths of the gratings, absorption and the cavity 
reflectivity. Instead of discussing all the possible effects of these parameters, I will
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concentrate on those which are the the most relevant from the practical point of 
view. The numerical simulations show that the efficiency of the phase conjugation 
process is the highest for symmetric coupling, z.e., when the coupling strengths 
responsible for the appearance of oscillating beams in the cavity are more or less 
equal: 7 1  «  7 2 . The majority of results presented here will refer to this situation, 
although I will also comment on the case of asymmetric coupling. Additionally, 
to make the comparison between theory and experiment easier, I consider only 
barium titanate as the photorefractive medium. Thus, all coupling constants are 
calculated directly from photorefractive properties of this crystal. In particular, 
the condition 7 1  =  7 2  can be satisfied by symmetric illumination of BaTiOj, by 
two pump beams, with the direction of the c-axis being chosen perpendicular to 
the cavity axis. The relation between coupling strengths of two side gratings and 
that of the central grating are determined by incident angles of two pump beams.
3.7 .1  N u m erica l procedure
The coupled equations Eqs.(3.27) —(3.35) have been integrated numerically using 
the split-step technique, i.e. by integrating separately in the time and spatial 
domains. This method has been widely used previously in modeling the dynamics 
of photorefractive systems [62]. During the integration, we assume that, for a short 
enough time interval At (very small compared with grating time constants), all 
the amplitudes of the refractive index gratings remain unchanged with respect to 
time. This time interval is however, long enough for all interacting beams to reach 
a steady state for given grating amplitudes by the integration of Eqs.(3.27) — (3.32). 
The grating amplitudes are then modified in the integration of Eqs.(3.33) —(3.35) 
with time-independent beam amplitudes. Repeating this procedure leads to full 
spatio-temporal dependence of the amplitudes of all interacting beams.
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To check the numerical code, we simulated well known simpler devices such as a 
unidirectional ring oscillator and a double phase conjugate mirror. The steady state 
characteristics of these devices are known exactly and can be compared with those 
obtained by numerical procedures. We performed extensive simulations varying 
all possible parameters and always found complete agreement between numerical 
and analytical results.
3.7 .2  T h e in fluence o f coupling stren g th s on th resh o ld  and
p h ase-con ju gate  reflectiv ities o f th e  sy stem
The coupling strength is the crucial parameter in photorefractive wave mixing and 
phase conjugation. It determines the efficiency of energy exchange between the 
interacting beams. As mentioned previously, a threshold for coupling strength 
exists in a photorefractive oscillator. It can be seen in the following discussion 
that this threshold can be effectively decreased by introducing an external cavity.
In reference to our six-wave mixing system, the oscillation can only occur in a 
certain range of parameters. As this system combines some features of devices such 
as a double phase conjugate mirror and ring oscillators, its threshold characteristics 
will reflect this complexity. For instance, it turns out that, although operation of 
this system requires the simultaneous appearance of the cavity oscillations (in a 
way analogous to a unidirectional oscillator), its threshold depends not only on the 
losses but also on the relative intensitities of the pump beams, in a similar way to 
DPCM.
In Fig.3.11 we show the phase-conjugate reflectivity as a function of the pho­
torefractive coupling strength ( 7 3 / )  for several values of the effective cavity reflec­
tivity R  and the absorption coefficient. In this simulation we assumed symmetric 
coupling (71= 72) and equal pump intensities (Q = 1.0). From this plot we can
51
1.5 R = 0 . 8 ___
R - 0 . 4 .......
R - 0 . 2 ___
DPCM___
od — 0. 0
a l —0.25
/ i !
Coup l in g  s t r e n g t h  ('y l)
Figure 3.11: Phase-conjugate reflectivities versus coupling strength.
see that as the coupling strength gets larger, the phase-conjugate reflectivity tends 
to a constant value determined by the losses in the system. This corresponds to a 
situation when the beam coupling is so strong that all the available input power 
(minus the loss) is transformed into the phase conjugate output. Interestingly, in 
this regime external cavity is no longer necessary to support mutual phase conju­
gation.
These plots also indicate that the mutual phase conjugation can only be possible 
if the coupling strength exceeds a threshold. This is a consequence of the fact 
that the photorefractive ring oscillator operates only if the photorefractive gain 
(coupling strength) exceeds the absorption and the cavity losses. The latter are 
included in R, and the oscillation threshold clearly decreases with increasing R. 
As discussed before, the plot for R = 0 represents the well-known DPCM for 
which the operating threshold is 7 / = 2 (without absorption). It can be seen 
that by minimizing the cavity losses one can produce mutual phase conjugation 
at a relatively weak coupling strength, much lower than the case of DPCM. This 
feature has important practical implications, as it means that a crystal with low
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Figure 3.12: The threshold coupling strength vs pump ratio for several values of 
the cavity reflectivity.
photorefractive nonlinearity can be used to implement this type of mutual phase 
conjugator.
3.7 .3  T h e effect o f th e  pum p ratio  on m utual phase conju­
gation .
A. Pump Ratio Q vs. Threshold
The threshold depicted in Fig.3. 11 corresponds to the case of symmetric pump­
ing Q =  1. Actually this is the lowest possible value since the threshold increases 
with a departure from symmetry. This is clearly visible in Fig.3 . 12 which shows 
the operating threshold as a function of pump ratio and the cavity reflectivity. 
Here I assume that the incident angles of the two pump beams are /3= /?==45° , so 
the coupling constants are 711 = 72/ = I.573/. First, consider the influence of the 
pump ratio on the threshold. As Fig.3.12 clearly shows the threshold increases for 
pump ratios different from 1. This is because each pump beam, while contributing 
to its own grating, partially erases the grating formed by the other pump. Pumps
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with the same intensity contribute equally towards this mutual erasure. When 
they differ then the interference fringes (and subsequently grating) created by the 
stronger pump dominate over that of the weaker pump. In order for the weaker 
pump beam to sustain oscillation its coupling constant has to increase.
As far as the influence of the cavity reflectivity on the oscillation threshold is 
concerned, we see that for a fixed pump ratio the higher the cavity reflectivity the 
lower the coupling strengths needed to start a bidirectional oscillation. It is quite 
clear that the presence of the cavity is beneficial for initiating the formation of the 
index gratings in the crystal. The higher the cavity reflectivity, the more energy 
can be fed back from the output face to the input face of the crystal. High feedback 
means low losses and small coupling strengths are needed to build up sustainable 
index gratings and stable phase conjugation. For comparison, in Fig.3.12 we have 
included a graph illustrating the oscillation threshold of the double phase conjugate 
mirror. It is evident that the threshold of our system (even taking into account 
the absorption loss) is still much lower than that of the absorptionless DPCM.
B . P h ase  conjugate reflectiv ity  vs pum p ratio
The phase conjugate reflectivity is defined here as a power ratio of the out- 
coupled phase conjugate beam to the corresponding incident pump beam. It is 
important, from the practical point of view, that the phase conjugate reflectivity 
is large for a wide range of the pump ratio. Typically phase conjugation takes place 
only over a limited range of the pump ratio. The size of this range is a function 
of system’s gain and loss. For symmetric coupling with 7 3 / =  2, the dependence 
of the phase-conjugate reflectivity on the pump ratio is shown in Fig.3.13. We see 
that the largest phase conjugate reflectivity is achieved for the system with the 
largest cavity reflectivity. Interestingly, the double phase conjugate mirror with a 
similar coupling strength and absorption parameter would not operate because the
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Figure 3.13: Phase-conjugate reflectivities as a function of the pump ratio for 
several values of the cavity reflectivity.
photorefractive gain does not exceed the losses. We see here again the beneficial 
role of the external cavity which enables mutual phase conjugator even for crystals 
with relatively low coupling properties such as BSO. The operating range and 
the highest phase-conjugate reflectivity increase with the increase of cavity reflec­
tivity. The losses in the system include the absorption loss of the crystal, Fresnel 
reflection on the crystal’s surfaces and the cavity loss. Generally, the system with 
lower losses should have higher phase-conjugate reflectivity. We could not decrease 
the absorption of our crystal, but we could decrease the losses of the system by 
increasing the cavity reflectivity. By doing so, more energy can be stored inside 
the cavity ready to be coupled out to produce phase-conjugate replicas of pump 
beams, hence the phase-conjugate reflectivities increase.
The phase-conjugate reflectivities and the operating range of this system can 
be dramatically changed by varying the incident angles of the two pump beams. 
This can be seen in Fig.3.14.
This strong sensitivity to the incident angles is a consequence of the fact that
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coupling constants depend strongly on these angles. We show below typical values 
of the coupling constants for various gratings depending on different incidence 
angles:
&  =  A  =  2 0 ° , I l l  =  72/ «  2.473/
A  =  Ä  =  45°, 71/ =  72/ «  I .5 7 3 / (3.42)
00r-IIII<30. 7iZ =  721 ~  O .72573 /
where the 73/ = 2 is fixed. 73/ is actually also a function of the incident angles 
/?3 and /?4, and it decreases as the angles increase. The real effect of varying the 
incident angles should therefore be stronger than shown by the plot in Fig.3.14. 
The overall conclusion is that the oscillation threshold is lower for small incident 
angles.
7 1-2, a l= 0 .2 5
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Figure 3.14: The dependence of phase-conjugate reflectivities and the operating 
range of the system on the incident angles of pump beams.
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3.7.4 Two crysta ls system  versus single crysta l system
The mutual phase conjugator discussed iu this chapter is similar, in some sense, 
to the one proposed by P.Yeh et.al [14] (see Fig.3.3). Both devices operate on the 
basis of the bidirectional ring oscillator generating phase conjugate replicas of two 
incoherent pump beams. The fundamental difference between these two systems 
lies in the fact that one requires two independent crystals inside the cavity while 
the other requires only one.
In the first case, i.e. for the two-crystal system, each crystal supports only one 
photorefractive grating. All beams propagating in each crystal participate in the 
build-up of this single grating. On the other hand, in the one-crystal system, all 
three gratings share the same volume of the photorefractive medium. Since the 
refractive index grating is formed by the space-charge field, which is determined by 
the amount of electric charges separated by interference fringes of coherent beams, 
the three gratings sharing the volume of the crystal compete for the available 
charge carriers. It has been shown recently that such a process has a detrimental 
effect on the strengths of all gratings [63].
Furthermore, in the one-crystal system six different beams propagate in the 
same region of the crystal. However only four beams participate in the build -up 
of any refractive index grating. The two remaining beams contribute to the partial 
erasure of this grating. This leads to a decrease of the effective coupling strength 
of each grating. Fig.3.15 shows phase-conjugate reflectivities as a function of pump 
ratios for both systems in the absorptionless case (also not taking surface reflection 
into account). We also assume that the coupling strengths of each grating in the 
two-crystal system are the same as their counterparts in the one-crystal system.
Although the existence of the central grating helps the energy transmission from 
pump beams to phase-conjugate beams, the highest phase-conjugate reflectivity in
57
the one-crystal system is lower than that of the two-crystal system because of the 
above mentioned partial erasure effect.
Practically, the losses of absorption and surface reflection must be taken into 
account. Because of the very large refractive index of photorefractive crystal (n = 
2.4 for BaTiOs), a considerable portion (for oscillating beams with incident angle 
of 90°, the reflection loss is 17% for one surface of the crystal) of a beam entering or 
leaving the crystal may be reflected at each interface. In the two-crystal system the 
oscillating beams will experience twice as high losses as in the one-crystal system 
(unless the anti-reflecting coating of the crystals is used). The coupling strengths 
of the gratings in the one-crystal system are controlled by incident angles of two 
pump beams and the angles between oscillating beams and the c-axis, and we can 
easily have symmetric coupling (the same coupling strength for two side gratings) 
which has the highest efficiency. In contrast, it is hard to find two crystals with 
the same parameters such as absorption and coupling strength. So the second
T w o - c r y s t a l  -----
O n e - c r y s t a l  ......
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Figure 3.15: Phase-conjugate reflectivity as a function of the pump ratio for one- 
crystal system and two-crystal system, (a). Two-crystal system: R = 0.8, 71 / = 
72/ = 3, al = 0. (b). One-crystal system: R = 0.8, 711 = 721 = 3,731 = 2, al — 0
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crystal in the two-crystal system not only introduces greater losses, it operates less 
efficiently because the symmetric coupling regime is hard to achieve.
In Fig.3.15, the two systems have exactly the same operating range. This is true 
only when the crystals have no absorption and surface reflection losses. As shown 
in Fig.3.13, for fixed coupling strengths, the operating range is clearly the largest 
for the system with smallest losses. So the operating range should be broader for 
one crystal system if all losses are considered.
3.8 C onclu sion
In this chapter I have discussed the grating sharing, the properties of the ring oscil­
lator and the mechanism of a photorefractive ring resonator pumped by mutually 
incoherent beams. Based on these basic properties, a model for a mutual pump 
phase conjugator with a single photorefractive crystal and a cavity has been devel­
oped. According to this model, the six different beams are coupled through three 
different refractive-index gratings. The system can be described by six coupled- 
wave equations describing wave diffraction on index gratings augmented by three 
grating equations describing the time evolution of the refractive-index gratings. 
The relations between the incident pump beam angles and the coupling strengths 
of different gratings have been discussed. Numerical results of the steady-state 
characteristics of the conjugator, in the case of a symmetric coupling were pre­
sented. It is evident that the phase conjugator with an external cavity operates 
over a broader range of pump ratios and with higher phase-conjugate reflectivity 
than the DPCM which has probably been the most commonly used mutual phase 
conjugator.
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C hapter 4
EX PERIM EN TA L STUDIES OF 
TH E M UTUALLY PU M PE D  
PH A SE CO N JU G A TE M IR RO R 
IN A BID IRECTIO N A L RIN G  
GEOM ETRY
4.1 Introduction
The generation of phase conjugation and optical storage are among the most im­
portant applications of photorefractive materials. It is of great interest to develop 
photorefractive devices which can be used to store and retrieve information easily 
(low threshold for storage and recovery). In the previous Chapter we proposed a 
low threshold mutually pumped phase conjugator. It is characterized by a broad 
operating range and high efficiency of the phase conjugation process.
In this Chapter I will present a detailed experimental study of six-wave mixing
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process in a barium titanate crystal (BaTiO3). I will show that, with the help 
of an external cavity, a crystal pumped by two incoherent beams produces strong 
oscillating and phase-conjugate beams. I will also demonstrate that this system is 
highly stable and it can operate in a broad range of the input pump ratios. The 
phase conjugate beams carry exactly the same information as carried on the pump 
beams with no sign of crosstalk between the processed images. In accordance with 
the numerical simulations the system has a low threshold and high phase-conjugate 
reflectivity.
4.2 T he experim ental details
4.2 .1  T he p hotorefractive crysta l
A poled, single crystal of barium titanate was used as the photorefractive medium. 
This crystal was 5 x 5 x 5.5mm3 in size and was cut in such a way that the c-axis 
of the crystal was parallel to the longest side of the crystal.
One of the major parameters characterizing the photorefractive effect is the 
density of donor centers. Its value was estimated to be 7.3 ±  0.2 x 1016cm-3 
[61]. Other relevant parameters describing the crystal were: indices of refraction 
tiq = 2.488, ne = 2.424, elements of the electro-optic tensor r i3 =  8 x 10~n m/V,  
r42 = 820 x 10~l2m/V ,  r33 = 28 x 10~12m/V .  Finally the dielectric constants 
ea = 4300 (the DC dielectric constant perpendicular to the c-axis) and ec — 106 
(the DC dielectric constant parallel to the c-axis) [64]. The absorption coefficient 
for BaTiOs crystal was obtained by measuring the transmission of a laser beam 
as it passed through the crystal.
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4.2.2 D etails of th e  experim enta l se tu p
A cw Argon-ion laser (operating at 514.5nm wavelength ) was used as a light 
source. Occasionally we isolated the laser from the rest of the optical system using 
a Faraday rotator. This was done in order to prevent unstable operation of the 
laser which might occur due to feed-back coming from the phase conjugate beam.
The polarization of the laser beam entering the photorefractive crystal was 
extraordinary so that the largest electro-optic coefficient r42 could be used for 
beam coupling.
The coherence length of the laser beam should be larger than the length of the 
ring cavity (~ 80cm) so that the pump beam and the oscillating beam could form 
a grating inside the crystal. The long (>10m) coherence length was obtained by 
installing an etalon inside the laser cavity. The power of the laser beam was set to 
fa 80mW.
The experimental setup is shown schematically in Fig.4.1. A beam splitter BS\ 
split the laser into two beams labeled as / 3 and / 4, and after passing through the 
system of lenses they entered the photorefractive crystal. Both beams
traveled equal distance from the beam splitter BS\ to the crystal. Lenses L4 and 
L3 were exactly the same as L2 and L4 respectively so the two pump beams were 
exactly the same (diameter and curvature) at the faces of the crystal. Our intention 
was to make the system as symmetric as possible. This would make the comparison 
between theory and experiment easier. According to the model, the crystal should 
be illuminated by two incoherent pump beams. Typically one way of satisfying 
the condition of mutual incoherence is to set different optical paths for initially 
coherent beams. Since the coherence length of our laser exceeded 10 meters, it was 
not realistic in our experiments to set up difference of beam paths for / 3 and / 4 
greater than the coherence length. Instead, we simulated mutual incoherence by
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reflecting one of the beams (/3) from a mirror mounted on a piezoelectric translator 
(PZT). When this transducer is driven by an AC signal the mirror periodically 
vibrates introducing a Doppler frequency shift into the frequency of the beam /3.
In our experiments, this frequency shift was «  1kHz. This did not make beams 
/ 3 and I4 incoherent in the strict sense, they still could form an interference pattern. 
However, as this pattern moved rapidly, the refractive index grating would not 
be formed in the crystal because of its slow (in the 1 Hz range) photorefractive 
response [14].
Two 100% reflecting mirrors M2 and M3, and one partial reflector M\ (its 
reflectivity was either 80% or 90%) were arranged to form a ring cavity containing 
the photorefractive crystal. The cavity was aligned using a He-Ne laser beam.
Beams / 3 and / 4 were first expanded by lenses of L3 and L4, passed through 
the image bearing transparencies T\ and T2, and then focused by lenses L\ and L2 
into about 1.2mm diameter spots onto the crystal faces. Beam splitters DS2 and 
BSs were used to decouple the phase-conjugate beams. Images carried by these 
beams were then captured by a CCD camera and stored in a computer.
Although in our simulation we studied mainly the symmetric cases, where the 
oscillating beams propagate normal angle to the crystal faces, we allowed for small 
departure from the perfect symmetry in the experimental arrangement. To this 
end we oriented the crystal in such a way that the oscillating beams would be 
incident at the crystal faces at an angle slightly different from 90°. In this way, 
beams which were formed by the Fresnel reflection on the crystal faces (which was 
unavoidable as we did not use an anti-reflection coating) propagated at some angle 
to the oscillating beams and could be excluded by using a small pinhole placed 
inside the cavity. The presence of these beams could affect the operation of the 
phase-conjugator leading to unstable behavior. The pinhole (250/i in diameter)
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Figure 4.1: Experimental setup
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also played a role of a mode discriminator, forcing the oscillator to operate in the 
low order spatial modes.
4.3 M ode structure and frequency detun ing
The photorefractive effect in our crystal was so strong that even with a very poorly 
adjusted cavity and without the pinhole, unidirectional oscillation could easily 
start. The transverse structure of the oscillating beam was clearly a combination 
of many transverse modes which varied randomly in time. Adding the second 
pump resulted in the appearance of the bidirectional oscillation. However, the 
temporal stability of the system was very poor. In order to improve the stability 
of the passive cavity we used two focusing lenses Li and L2. Then we calculated 
the waist position of the oscillating beam and placed a 250/i pinhole at that part 
(see Fig.4.2) whose role was to introduce high losses for higher order cavity modes.
Screen
Aperture
Computer
Figure 4.2: An experimental setup which had a stable unidirectional oscillation
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Using the ABCD  law [65] we found the following stability condition of this
system:
I  > I  —  ^ 1 ^ 1 _±_ ^ 1 ^ 2  ^  q (4.1)
4 /i 4 /2 4/ j/ j
where, / 1  and / 2  denote focal length of the lens Li and L2, D = d\ + d2 is the 
length of the cavity with di being a distance Li-pinhole-Z^ and d2 being a dis­
tance Li-crystal-Z/2 , respectively. Using the following experimental data di=34 
cm, d2=43 cm, f 1 = f 2 = 25 cm, the value of the expression in (4.1) is 0.0448, 
which corresponds to stable operation.
4.3 .1  T he osc illa tin g  m odes during u n id irection al oscilla­
tion
To investigate the mode structure of our cavity we restricted ourselves to a unidi­
rectional oscillation. We used a 10 mW pump beam illuminating the crystal and 
easily observed unidirectional oscillation in the cavity. The mode structure was 
recorded with a CCD camera. Only three transverse modes were observed. They 
were T E M 0 0 , T E M 0 1 , and T E M \0 modes. Fig.4.3 shows the examples for mode 
T E M qq and mode T E M 0 1 oscillation inside the cavity. The oscillation was stable 
and restricted to only one of the three modes. By introducing a perturbation to 
the cavity (for instance, by tilting one of the mirrors) switching among different 
modes could be induced.
4.3 .2  F requency d etu n in g  in u n id irectional oscillator
The frequency detuning of ring cavity was discussed in section 3.3 of Chap.3. The 
frequency detuning of the oscillating beam was given by (3.15) as
—2(A + 2Mtt)
Qt =
2 al — ln R 2 al — ln R
(4.2)
66
(a) TEMqo
(b) TEMoi
Figure 4.3: Examples of mode structures of the unidirectional oscillating beam.
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where A is the cavity detuning.
We used an interferometric technique to measure the frequency detuning of the 
oscillating beam. To this end we studied interference fringes formed by super­
position of the amplitude of the oscillating beam and the pump beam. We found 
that typically these interference fringes were moving with constant speed indicat­
ing a frequency shift in the oscillating beam. The pictures in Fig.4.4 illustrate this 
interference pattern. They all were taken within fixed time intervals (every 6.25 
seconds). Here the oscillating beam was in a TEMoo mode. We could influence 
the frequency detuning through changes of the cavity alignment.
Using a detector with a small aperture instead of the CCD camera, the beat 
signal between the pump and the oscillating beams was recorded. An example of 
such a signal is shown in Fig.4.5. In this particular case the detector counted 14 
fringes within 325 sec period. This gives the frequency detuning 0.043Hz (Q = 
0.27s-1).
Typically frequency detuning is of the order of a hertz (for slow crystals like 
BaTiO-i). It cannot be too large because the oscillation threshold increases with 
Q. From (3.16) we have
where r 0 is the two-beam-coupling gain coefficient for the crystal. The oscillation 
can only be established when inequality (4.3) is satisfied, which means that the 
losses are smaller than the gain.
The plot in Fig.4.5 also indicates the high temporal stability of the oscillator. 
The variations in the maxima and minima in that curve are small, which means the 
intensity of the oscillating beam was very stable. This stable state could last for 
several hours. The motion of the interference fringes was very smooth. However 
this state could only be achieved by using a floating optical table and isolating
(4.3)
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(c) t=12.5 s (d) t=18.75 s
Figure 4.4: The interference fringes formed by the oscillating beam and a reference 
beam at different time instants
the system by enclosing the whole experimental setup within a plastic container. 
Without this isolation, the light intensity and frequency detuning of the generated 
beam exhibited random fluctuations which are illustrated in Fig.4.6. The most 
probable cause of these random fluctuations is the presence of air currents which 
perturbed the path of the beam in the cavity.
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a  0.6
c 0.4
Time (sec.)
Figure 4.5: Beat signal of the oscillating beam and the pump beam.
4.4 M utually  pum ped phase conjugator
When the crystal was illuminated by two pump beams, two counter-propagating 
oscillating beams were generated together with two phase conjugate beams prop­
agating opposite to the pump beams. The build-up time for the bidirectional 
operation depended on the pump power and the size of the pinhole. Without the 
pinhole the bidirectional oscillations would build-up within few seconds. However, 
in that case the oscillating beams were mixtures of many transverse modes. On 
the other hand, with the 250/i pinhole it took approximately a minute for the 
oscillation to build-up. Similar to earlier described unidirectional oscillations, the 
cavity mode was one of the TEM00, TEM0i, and TEMi0 modes.
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Time (sec.)
Figure 4.6: Unstable operation of the ring oscillator in case of no isolation. All 
experimental conditions are exactly the same as in Fig.4.5
4.4 .1  T he frequency d etu n in g  o f th e  b id irectional oscilla tor
As discussed in section 3.4, the frequencies of both oscillating beams can exhibit 
small frequency detuning compared to the corresponding pump beams. The values 
of the frequency detuning of the oscillating beams are given by Eq.(3.17) as
f l i  —  —
2(A i +  2ra*7r) 
r%A
2 =  1,2 (4.4)
where A* is the cavity detuning for zth oscillating beam at frequency lj and is 
defined between — it  and 7r; t1)2 are photorefractive response times of gratings Q\ 
and Q2• 4^ is the total cavity loss. So the frequencies of the oscillating beams are 
uj + FL\ (for beam I\) and u  + Ui2 (for beam /2). According to Eqs.(3.19)-(3.21),
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the phase conjugate replicas of both pump beams should have the same frequency 
u  + fb + fi2- Our experimental results supported this conclusion. We again 
used an interferometric technique to measure the frequency detuning in our phase 
conjugator. Three interferometers were set to operate simultaneously. The beat 
signals of two oscillating beams and a phase conjugate beam with corresponding 
reference beams were recorded. Those three signals are depicted in Fig.4.7 and 
Fig.4.8. Results displayed in these figures were obtained under slightly different 
conditions. These in Fig.4.7 correspond to almost symmetric incidence of the pump 
beams (26.6° for / 3 and 28° for /4). In the case of Fig.4.8, the second pump was 
significantly rotated so its incident angle reached 50°.
Time (sec.)
Figure 4.7: The frequency detuning for the oscillating beams and one of a phase- 
conjugate beam. The incident angles of two pump beams were 26.6° (for I3) and 
28° (for I4). The power ratio of two pump beams was approximately 1.
In both cases, the oscillating beams were in the fundamental mode of the 
resonator. The motion of the interference fringes was very stable. Since there was 
no electric field applied to the crystal, the frequency shifts of the oscillating beams
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Time (sec.)
Figure 4.8: The frequency detuning for the oscillating beams and one of a phase- 
conjugate beam. The incident angles of two pump beams were 26.6° (for I3) and 
50° (for I4).
was caused solely by cavity detuning. The cavity detuning in both cases was non 
zero. In Fig.4.7, the values of frequency detuning for the two oscillating beams 
were Qi ~  0.00153 Hz and ~  0.00303 Hz, and the frequency detuning of the 
phase conjugate beam was flpc ~  0.00488 Hz. The value of + fl2(= 0.00456s-1) 
is quite close to that of flpc, which agrees with the theoretical prediction. These 
values are very small and are within the spectral regime defined in Eq.(3.16) in 
which the parametric gain of the system is above the threshold. From Fig.4.8 we 
find that: = 0.02462 Hz, Q2 =  0.03597 Hz, flpc — 0.06024 Hz, and Cli + Q2
(=0.06059 Hz) also very close to flpc-
4.4.2 T he stab ility  of th e  b id irectional oscillating system
The intensities of all beams in experiments, whose results were shown in Fig.4.7 
and Fig.4.8, were very stable. The frequency detuning of the oscillating beams
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and the phase-conjugate beam were quite uniform during the measurements. The 
intensities of the phase-conjugate beams were stable for the full duration of the 
measurements. In Fig.4.9 we demonstrate this stable operation by plotting the 
measured intensity of the phase conjugate beam as a function of time. This ex­
periment was performed under the same conditions as that illustrated in Fig.4.7. 
The stable output was observed for over few hours. In Fig.4.9 we show the output 
intensity within the first half an hour of the measurement.
Time (sec)
Figure 4.9: The intensity of the phase-conjugate beam (I5) as a function of time. 
Two incident angles were 26.6° and 28°, and two pump beams had the same in­
tensity.
Although it was relatively easy to initiate bidirectional oscillations, the system 
required very precise adjustment to ensure long term stable operation. In a finely 
adjusted system the incident angles of two pump beams could have been varied over 
large range without affecting the stability of the conjugator. In most experimental
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runs we usually kept the incident angle for the pump beam /i fixed at 26.6° and 
varied the incident angle for the second pump beam in a range from 25° to around 
60°. In all cases the system could sustain a long term stable oscillation in the 
fundamental mode. The only problem was that the time required for the build-up 
of the oscillation increased for strong angular asymmetry of the pump.
Although our system was usually very stable, on a few occasions the long-term 
stable operation could not be sustained even though the beams oscillated in a 
fundamental transverse mode. Stable oscillations could last for several minutes, 
then disappear, and after a while started again. Fig.4.10 shows an example of this 
behavior. It shows the intensity of one of the oscillating beams (A) as a function 
of time. The incident angles for the pump beams were 26.6° and 50°, respectively.
Time (sec.)
Figure 4.10: An example of unstable behavior of the system: the intensity of one 
oscillating beam (I\) as a function of time
We found that during this unstable operation the frequency detuning of the 
oscillating beams and the phase-conjugate beam also varied in time. They were 
initially small and gradually increased in time. Fig.4.11 illustrates the frequency
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detuning of the two oscillating beams and one phase-conjugate beam corresponding 
to this unstable regime. We were not able to find a clear explanation of this 
behavior. Possible factors could include temperature fluctuation of
the crystal, uncontrolled air currents, or mechanical vibration of the experimental 
setup. We checked if such behavior could be anticipated from our theoretical model 
described in the previous chapter. To this end we performed numerical simulation 
of the model using parameters corresponding to those found in the experiment. We 
varied the incident angles of pump beams, the cavity detuning (assuming the same 
detuning for both oscillating beams), as well as the losses of the system and the 
pump ratio. Simulation showed that as long as there was no electric field applied 
to the crystal, the operation of the conjugator was always stable in time.
-d
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Figure 4.11: Temporal dependence of the beat signal for the two oscillating beams 
and a phase-conjugate beam
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4.4.3 M utua l phase conjugation
The main application of the bidirectional ring oscillator lies in its ability to perform 
mutual phase conjugation of two input optical signal. We tested this ability in our 
experiments. The corresponding experimental arrangement is shown in Fig.4.1. 
Two beams from the beam splitter BS\ were expanded and then passed through 
image bearing transparencies 7\ and T2 (pictures (a) and (b) in Fig.4.12), and then 
were loosely focused into the BaTiO3 crystal. When the oscillations occurred and 
the system reached a steady state, the output phase-conjugate images were cast on 
screens by beam splitters BS 2 and B S 3 . These images were then recorded using a 
CCD camera. The results of this experiment are shown in Fig.4.12, in which both 
original images and their phase-conjugate replicas are presented. As is evident, 
both phase-conjugate images are of good fidelity and high resolution. In addition, 
there is no indication of any cross talk between the images.
4.5 T he influence o f th e pum p ratio on phase- 
conjugate reflectivity
In section 3.7.3, I presented numerical results of the influence of the pump ratio on 
phase-conjugate reflectivities. It showed that the system could only oscillate over 
a limited range of the pump ratio. We tested this theoretical result experimentally 
measuring the phase-conjugate reflectivities as a function of the incident pump 
ratio.
The experimental setup was similar to Fig.4.1. We removed transparencies 
T\ and T2, aligned the incident angles of two pump beams as = 02 = 33.5°, 
rotated the crystal so that 9 was close to, but not exactly, 90° (89.5°, to avoid 
additional feedback caused by the light reflected from the crystal surfaces). The
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(c) (d )
Figure 4.12: Experimental verification of the fidelity of the mutual phase-
conjugation process: (a), (b) two input signals; (c), (d) two output phase-conjugate 
signals.
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S i m u l a t i o n
P u m p  R a t io  Q
Figure 4.13: Phase-conjugate reflectivity as a function o f the incident pump ratio. 
Diamonds denote experimental results while solid lines represent results of numerical fit 
with coupling constant chosen as 2.3 cm'1
cavity reflectivity R  was 90%. The reflectivity of the crystal surface seen by the 
oscillating beam was 17.3% (calculated from incident angles and the refractive 
index of BaTiOfi. The reflectivities of two beam splitters B S2 and B S3 were 
9.25% and 11.32%. The crystal absorption was 0.5 cm-1 (for electric field). In 
this setup, the coupling constants of the two side gratings were around 2 times 
the central coupling constant. We measured the intensities of the incident pump 
beams and the intensities of phase-conjugate outputs coupled out by beam splitters 
B S2 and BS$. By changing the incident pump ratio, we could control the phase- 
conjugate reflectivities. Fig.4.13 shows experimental measurements and simulation 
results. The coupling constant for the central grating was chosen as 2.3 cm-1 (for 
amplitude). This value was estimated from the comparison of the experimental 
and simulation results.
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4.6 T h e  effect o f th e  e x te rn a l b iasin g  e lec tric  field 
on th e  te m p o ra l  s ta b ility  o f th e  m u tu a l p h ase  
co n ju g a to r
The temporal stability of photorefractive ring oscillators has been studied inten­
sively in the last several years. It has been shown that systems with strong nonlin­
ear response, characterized by two or more time scales, and /or external feedback 
are likely to lose stability and this may even result in chaotic operation [66, 67].
Furthermore, a number of authors [68, 136] have shown that the system characterized 
by a competitive interaction between two-beam coupling gain and loss can also 
show instability. Although our system has strong nonlinearities, three different 
time scales (for three different gratings), feedback provided by the cavity, and 
competitive gains and losses, we could not find regions of instability in param­
eter space which was experimentally accessible. However numerical simulations 
do show that when an external electric field is applied to the system, it could 
become unstable. An external electric field is often used to enhance the efficiency 
and speed-up of the grating formation process in some photorefractive materials 
[69, 70]. Here I give some examples of relevant numerical results. Detailed study 
and experimental confirmation will be conducted in the future.
The existence of an external electric field means th a t the phase shift between 
the index grating and the light interference pattern is no longer 7r/2 (for diffusion 
dominated crystal only). The time constants of gratings and corresponding cou­
pling constants become complex. From (2.12) and (2.13), the complex coupling 
coefficient 7 and complex time constant are [71, 72, 73]:
7 — 7o
f{Eo)
1 +  iQ r '
T =  To H (4.5)
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where 70 is the coupling constant for zero applied electric field and the degenerate 
wave mixing (Q = 07 — cj2 = 0). r0 is the time constant of the crystal with 
zero electric field which is approximately inversely proportional to the total power 
density of the beams inside the crystal. For BaTiO 3,  both y0 and To are real. 
f(Eo) and H(Eo) are the contributions of the applied electric field to 7 and r  
respectively. They are given by
The definitions of Ep, E and To were given in Eqs.(2.14)-(2.15). The real 
part of the coupling constant is responsible for the energy exchange between beams 
while the imaginary part leads to phase transfer [36]. Changes of phases of the 
interacting beams will affect the oscillation condition and may lead to the temporal 
variation in the beam intensities.
In Fig.4.14, I illustrate the influence of an external electric field on the tempo­
ral behavior of one of the phase-conjugate outputs of the system. Without an external 
electric field the system reaches a steady state soon after it starts oscillating and 
the phase conjugate reflectivity is high. When a 2.5 kV/cm  external field is applied 
to the crystal the system never actually reaches a steady state, exhibiting periodic 
modulations instead.
Here I assume that the external electric field is applied along the direction of 
the c-axis. The components of the electric field on the directions of each grating’s 
K vector are different from each other. Their values change as the incident angles 
of two pump beams change.
With the increasing of the electric field, the real parts of the coupling constants 
decrease and the imaginary parts of coupling constants increase. In order to com-
(4.6)
Ep  +  En Eq + i(Ep -f En) 
Ep + Eß Eq +  i (Ep + E n )
(4.7)
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Figure 4.14: Temporal behavior of the phase-conjugate output with and without 
an external electric held. The solid line: E0 = 0; the dot line: E0 = 2.bkv/cm. 
Other parameters are: ß3 = 30°, ß  ^ =  65°, R = 0.95, Q =  0.1, ß\ =  91°, cavity 
detuning is zero
pensate for the phase change due to the interaction, the frequency detuning of 
the oscillating beams has to increase, leading to effectively weaker coupling and 
possible fluctuation of light intensity in the ring cavity.
In Fig.4.15, I show the regions of stable and unstable oscillations of the ring 
mutual phase conjugator in the presence of an unstable region when a certain 
amount of an electric field was applied to the crystal. It can be seen that the 
system exhibits periodic oscillations when ß4 is between 42° and 84°.
In both Fig.4.14 and Fig.4.15,1 assumed the cavity loss (R ) and the absorption 
loss (a l) were very small. Higher losses will lead to broadening of the region of 
stable operation [74].
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Figure 4.15: The output phase conjugate intensity as a function of the angle ß± in 
the presence of an external electric held. The solid line corresponds to stable output 
while the circles represent peak intensity in the unstable regime. The parameters 
used in this simulation: E0 =  2.5kv/cvn, ß\ =  91°, ß% =  30°, R  = 0.95, Q = 0.1, 
al =  0, and cavity detuning is zero
4.7 C onclusion
In this chapter, a detailed discussion was given of the experiments with a mutual 
phase conjugator based on photorefractive six-wave mixing system. Strong posi­
tive feedback induced by the external cavity led to relatively fast build-up of two 
counter-propagating oscillating beams and two phase conjugate beams. Oscilla­
tions in the fundamental mode and first order modes were achieved in the cavity 
and very good quality phase conjugate beams were generated by this system. The 
threshold required to initiate operation of this system was much lower than the 
DPCM. Additionally, our system operated in a much larger range of the initial 
pump ratio than the DPCM. The experimentally measured dependence of the
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phase conjugate reflectivity as a function of the pump ratio was in good agreement 
with theoretical predictions.
The experimental system was isolated from the influence of air currents by 
enclosing it into a plastic container. This resulted in long term (of the order of few 
hours ) stable oscillations and led to high efficiency mutual phase conjugation.
The measurements of frequency detuning of the oscillating beams and phase- 
conjugate beams showed good agreement with the theoretical predictions. The 
sum of frequency detuning of the oscillating beams was very close to the frequency 
detuning of phase-conjugate beams. By fine tuning the external cavity we were 
able to obtain very low values of the frequency shift and a subsequently high rate 
of energy exchange among interacting beams.
Experiments showed that our system is able to perform a high quality mutual 
phase conjugation of two different signal waves. There was no sign of any crosstalk 
of spatial information between the two incident images brought in by pump beams.
While our experiments and simulations showed that the system is stable in the 
wide range of the experimentally accessible parameters, unstable oscillations of the 
light intensity are also possible. This, however, occurs when the photorefractive 
crystal is externally biased with a high value electric field.
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C hapter 5
TH E A SY M M ETRIC PLA N A R  
W AVEGUIDE
5.1 Introduction
Wide-spread use of communication channels has led to a great demand for a sub­
stantial increase in their capacity in order to handle high-speed data traffic. The 
applications of laser technology and optical fibres provide enormous capacity for 
high-speed huge volume information flow. For example, an optical fiber can carry 
250,000 times as much information in the form of light from lasers as a standard 
copper telephone wire conducting electrical signals. However, the traffic control 
system is far less advanced. With today’s technology, an optical fiber uses less 
than 1% of its theoretical capacity, or bandwidth, for carrying information. In 
other words, the information highway has room for considerably more high-speed 
data traffic providing the appropriate technologies are developed.
These crucial technologies include miniature lasers on silicon chips (diode lasers), 
improved optical fibers that carry light for longer distance, and thin-film optical 
switches which is capable of switching transmitted light by using electro-optic,
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electro-acoustic, or magneto-optic effects to obtain signal switching.
An optical fibre has a very large signal bandwidth in the order of ten gigahertz, 
and such a frequency is not easily handled by electrical integrated circuits, because 
elements which are linked together by wires or other forms of metallic interconnec­
tions inevitably have stray inductances and capacitances associated with them and 
these limit frequency response [15]. However, this limit or bottleneck can easily be 
broken by employing an optical integrated circuit in which information is carried 
by a beam of light. A frequency response of 26 GHz for an integrated optical 
modulator on a lithium niobate substrate has already been achieved [75], and a 
modulator with a frequency response of more than 50 GHz is under development. 
Recently developed waveguides with barium titanate deposited on top of a silicon 
base have the potential to reach a frequency of 1000 gigahertz [76].
In an optical integrated circuit activities such as signal modulation, processing, 
switching, and amplification are often performed in a planar optical waveguide. 
The attractive features of using waveguides for implementing efficient nonlinear 
interactions were recognized in the early days of integrated optics [77, 78]. The 
key factors here are:
• high efficiency of guided beam interacting with electric fields makes it possi­
ble to construct low-power, high-bandwidth modulators of phase, frequency, 
and/or amplitude.
• high optical power densities are possible with moderate total power due to 
beam confinement by the small cross-section of the waveguide.
• a large number of small optical components which may possibly be aligned 
on one small area of substrate to form, for example, an integrated optical 
signal processing or optical distribution system.
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• the diffractionless propagation in one or two dimensions leads to long inter­
action lengths which optimize the interaction efficiency.
High intensity leads to easier observation of nonlinear optical phenomena such 
as second-harmonic generation, multi-photon absorption and the optical-intensity 
dependence of the refractive index.
5.1.1 P h otorefractive effect in in tegrated  op tica l devices
One of the most commonly used materials in integrated optics is lithium niobate 
(LiNbOs). It exhibits the following features which are relevant to practical appli­
cation:
• wide wavelength range of transparency (0.2/zm to 12/ira with low loss)
• large electro-optic and acousto-optic coefficients
• well-developed waveguide fabrication, masking, etching, and polishing tech­
nique
In addition, it is a photorefractive material.
As far as the waveguide fabrication in LiNbO3 is concerned, various methods 
have been developed. The lithium-out-diffusion method was first used to create a 
LiNbO?, waveguide by heating LiNbO? crystal in a vacuum [79] or in flowing air 
(or oxygen) [80, 81]. Currently the vast majority of LiNbO3 waveguide devices 
are formed by diffusion of titanium or other metals from a thin film deposited on 
the crystal surface [82, 83, 84]. These waveguide fabrication techniques are very 
well developed, the process is reproducible, and waveguide parameters such as the 
overall index change and diffusion depth are controllable. In using a LiNbO3- 
based waveguide structure, one has to consider the photorefractive properties of
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this crystal. The photorefractive effect does not always play a positive role in inte­
grated optical devices. Some integrated optical devices made from photorefractive 
materials suffer from ’’photorefractive optical damage”, i.e. undesired refractive 
index change [77].
On the other hand, specific aspects of the photorefractive effect, such as the 
ability to form a refractive index grating useful for beam amplification, provide 
some promising solutions to the development of techniques which are useful for 
integrated optics. For example, photorefractive index gratings can be used as beam 
couplers or to amplify guided waves by direct interaction with external optical 
beams. In addition, the photorefractive effect in a waveguide can be used for 
low-power all-optical switching [85]. Studies of the photorefractive effect in the 
waveguide geometry began immediately after the first waveguides were created in a 
photorefractive crystal. Attempts to make use of optically induced refractive index 
changes in waveguides to form integrated optical components, such as gratings for 
optical switches or wavelength division multiplexers, have been reported [86, 87, 
88, 89, 90].
The literature indicates that various types of photorefractive recording schemes 
in planar optical waveguides have been studied [43, 91, 92, 93, 94, 95, 96]. As far as 
the theoretical modeling of the wave interaction in planar structures is concerned, 
it is more complex than in the case of bulk media [97] due to the localized character 
of the guided waves and the necessity for considering the light and induced electric 
fields as functions of, at least, two coordinates.
One of the most common types of the wave interaction in planar photorefractive 
waveguides considered in the literature involved the formation of index gratings 
by interference of two or more guided beams. However, a serious drawback of 
this interaction scheme was the loss of energy which occurs during coupling light
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beams into and out of a waveguide. Additionally, as efficient interaction requires 
long interaction distances, the angle between guided beams needs to be very small 
and this may not always be easy to achieve in practice.
A possible solution to the above problems is to use an arrangement whereby 
guided beams interact directly with external beams [98, 99, 100]. The index grat­
ings formed in such an interaction will still be located within the waveguide layer. 
As we showed in our previous publications [99, 100], such an arrangement can sig­
nificantly reduce energy loss during the coupling process of incident beams since 
external beams will not have to be coupled into a waveguide by prism or grating 
couplers. Additionally, the size of the interaction region can be freely adjusted 
by controlling the size of the external beams. In the following two chapters I 
will discuss in detail our investigations of the beam interactions in this new pla­
nar geometry. I will present a theoretical model and the results of its numerical 
simulations as well as results of experiments with lithium niobate waveguides.
In this chapter, I will introduce the fundamental elements of the waveguide 
structure and the beam interactions within a waveguide. First, I will briefly outline 
the properties of light propagation in planar waveguides. Second, I will discuss the 
field distributions of a graded index waveguide related to our experiments. Third, 
I will briefly describe the couplers used to couple light beams into and out of a 
waveguide. Finally, I will discuss the photorefractive beam interactions within a 
waveguide, and propose a new interaction geometry.
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5.2 M ech an ism  o f b eam  p ro p a g a tio n  in  p la n a r
w aveguides
Optical waveguides, also known as “dielectric” waveguides, are structures that are 
used to confine and guide the light in guided-wave devices and circuits of integrated 
optics [101]. A well-known optical waveguide is the optical fiber which usually has 
a circular cross-section. In contrast, the guides of interest to integrated optics are 
usually planar structures such as planar films or strips. A planar waveguide is 
characterized by parallel planar boundaries with respect to one (x) direction, but 
is infinite in extent in the other two directions (y and z) as shown in Fig.5.1.
5.2.1 P lanar w aveguides
One of the major differences between waveguides and bulk materials is that light 
propagates in the form of distinct optical modes within a waveguide, while in bulk 
materials, it propagates freely. A mode is a spatial distribution of optical energy 
in one or more dimensions [15]. Consider the simple three-layer planar waveguide 
structure of Fig.5.1. A mode of a dielectric waveguide is an electromagnetic field 
which is a mathematical solution to the wave equation
where E is the electric field vector, r is the radius vector, n(r) is refractive index 
which is related to the dielectric constant e(r) by n2(r) =  <s(r), and c is the light 
speed in a vacuum. For a monochromatic wave with a frequency cj, the form of 
the field is taken as
(5.1)
E(r, t) = E(r)eia,! (5.2)
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yFigure 5.1: Diagram of the basic three-flayer planar waveguide structure. Two 
modes are shown, representing distributions of electric field in the x direction
Thus (5.1) can be written as
V2E(r) + k2n2( r)E(r) = 0 (5.3)
where k =  lj/ c. Assume that the light wave propagates in the z direction, then 
E(r) = E (x,y)exp(—ißz), ß is a propagation constant. Then (5.3) becomes
d2E(x,y) d2E (x,y)
dx2 dy2 + (A;2n2(r) — ß2)JL(x,y) =  0
(5.4)
In a planar waveguide, one dimension (y) is considerably larger than the other
(x), so it (y) can be considered infinite. In this case, Eq.(5.4) can be simplified by 
d
setting — = 0, and written as separate equations for three regions as follows:
Region 1 qx 2 ^ + {k 2n\ ß2)E(x,y) -  0
Region 2 qx 2 E ( k 2n\ ß2)E (x , y ) ~  0
Region 3 qx 2 ^ + ( k 2nl ß2)E(x,y) -  0
(5.5)
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where E(x,y)  is one of the Cartesian components of E {x,y). The solutions to 
these equations (5.5) are either sinusoidal or exponential functions of x in each 
of the regions, depending on whether (k2n2 — ß2), i = 1,2,3, is greater than or 
less than zero. The physical nature of the solutions from these equations is well 
discussed in the literature [15, 102]. For an asymmetric waveguide in which we are 
interested (assuming that ri2 > > ni), the light energy can be confined within
the waveguide layer (guided modes) only when the condition of kn2 > ß > kn3 
is satisfied. Otherwise, light energy leaks out through one or both sides of the 
waveguide depending on the value of the propagation constant, exciting radiation 
modes.
The waves propagating in this waveguide can be divided into two different 
modes: TE mode and TM mode. In the case of TE plane waves traveling in the 
z direction, only y component of the electric field (Ey) is non-zero. While for TM 
plane waves, the y component of the magnetic field (Hy) is non-zero.
5.3 Planar w aveguides w ith  continuous variation  
of refractive index
In most waveguide fabrication processes such as diffusion and ion implantation, 
the refractive index change does not form a step-like structure as shown in Fig.5.1. 
Instead, one obtains a continuous variation of the refractive index [101]. There is 
no sharp boundary between substrate and the guiding layer. Specifically, it has 
been shown that in the case of waveguides formed by metal in (or out) diffusion,
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the refractive index profile is described by a Gaussian function [103] (see Fig.5.2)
ne(x) = ne + Ane(0) • exp(—x2/d2) x > 0
n0(x) = n0 + Ano(0) • exp(—x2/d2) x > 0 (5.6)
n0(x) = ne(x) = n .4 x < 0
where ne is the refractive index of the substrate for an extraordinary beam, and n0 
is the refractive index of the substrate for an ordinary beam; Ane(0) (and Ano(0)) 
represents the largest index change of the guided layer and the substrate, and d is 
the diffusion depth. Normally, the condition Aneo(0) <C is satisfied.
n
2.254 -
2.250 -
2.246 -
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-2 0  2 4 6 8 10
Depth below surface ( \im )
Figure 5.2: Refractive index profile (for extraordinary beam) of the LiNbO^-based 
planar waveguide used in this study (Gaussian profile); tia =  1, ne = 2.243122, 
Ane(0) =  0.007655, and d = 5.592977pm
For waveguides with a continuous variation of the refractive index, the wave
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equation for TE modes is [103]
dx2 Ey{x) = )2[N2 - (5.7)
and TM modes are described by
These equations can be solved numerically for the effective indices Nm of modes 
m  = 0,1, 2 ,....
The effective indices are the indices seen by the guided modes. The values of 
Nm are between the index of the substrate and the index (ne or n0) and ne(0) 
or no(0). The effective refractive indices of guided TE and TM modes can be 
measured by the prism coupling method [103, 104]. Given a sufficient number of 
modes (typically more than four), and using various algorithms (such as an inverse- 
WKB method), an approximation to the refractive index profile of a waveguide 
can be recovered from the measured effective index data. Such information is 
particularly useful when characterizing waveguides made by a diffusion process, 
which generally produces a graded index profile.
The wave equation (5.7) can be solved numerically for given effective refractive 
indices and other parameters (ne, n0, Ane(0), An0(0), d) corresponding to a par­
ticular waveguide. This results in field distributions of the guided modes that can 
be used for numerical simulations of the beam interactions related to the guided 
modes.
The measurements of effective indices of the waveguide used in our experiments 
will be discussed in Chapter 6.
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5.4 Couplers
One of the most important aspects of the practical application of planar waveguides 
is the problem of introducing the light beam into a waveguide structure (coupling). 
There are several types of effective waveguide coupler. Some couplers selectively 
couple energy to a given waveguide mode, while others excite all modes [15].
The main methods of coupling energy to a planar waveguide are End-fire cou­
pling (Fig.5.3), Grating Coupling (Fig.5.4), and Prism Coupling (Fig.5.5).
End-fire coupling: End-fire coupling is the most widely used method for
A
Figure 5.3: Using a lens to focus the laser beam directly into the waveguide
coupling fibres to other waveguides. Optical energy is coupled into all waveguide 
modes simultaneously. In practice, the coupling efficiency is around 60%. Because 
the thickness of the waveguide is of the order of a few microns, it is not easy to 
keep a good alignment without an optical bench. Generally, when a good coupling 
point is found, the fibre is glued directly to the end of the waveguide so that the 
waveguide can be moved around with good coupling. However, this method is not 
used for a selective mode coupling.
Grating Coupling:
A grating is fabricated by holographic technique on the top surface of a waveg­
uide. This grating can be used to selectively transfer energy from an optical beam
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Grating
Transmitted
Beam
Figure 5.4: Diagram of a grating coupler
to a particular waveguide mode by properly choosing the angle of the incident 
beam. It can also be used as an output coupler.
A specially designed grating coupler can not only couple energy out from a 
guided beam, but it can also focus it. This has many applications such as to out 
couple and to focus a guided beam to a compact disk and to optical fibers. In the 
work we have proposed a new method to form a grating using the photorefractive 
effect in a waveguide. This grating could couple a guided beam out and focus it. 
This will be discussed in chapter 7.
P rism  Coupling:
It is essential that the refractive index of the prism np is larger than that of the 
waveguide in order to excite all possible waveguide modes. The prism is positioned 
above the waveguide with its base parallel and very close to the waveguide surface. 
A beam is incident into the prism and experiences total internal reflection (np > rii) 
at the base interface to the air gap. Inside the prism, the incident beam and the 
reflected beam form a mode which is stationary in x direction, but moves in the 
z direction with a phase constant ßp. The field of this mode continues below the
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Figure 5.5: Diagram of a grating coupler
base of the prism, but its intensity decreases exponentially. This part of the field is 
called the evanescent field. The wave vector of incident beam A\ has a magnitude 
knp and it can be decomposed into a horizontal component ßp = knp sin 9m and a 
vertical component knp cos 0m.
The guided modes in z direction have a phase constant ßm. All of these guided 
modes have evanescent tails in the gap. If the air-gap s is narrow enough, the 
evanescent tail of the electromagnetic field inside the prism will penetrate the 
waveguide layer leading to excitation of the guided modes. The energy transfer 
from the incident beam to the appropriate guided mode is maximized when the 
horizontal component of the wave vector is equal to the propagation constant of 
the mode (ßp = ßm). Thus the input angle 9m should satisfy
^ ^ s i n  9m = ßm (5.9)
Because the propagation constants of guided modes are discrete values, the incident 
angles (9m) corresponding to each guided mode are also discretely distributed. 
Therefore prism coupling is often used to determine precisely the propagation
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constants (effective indices Nm) of the guided modes.
5.5 P ho to refrac tive  in te rac tion  in a  p lanar 
waveguides
The physics of the photorefractive effect in a waveguide is in principle analogous 
to that of bulk materials. Spatial variations of the light intensity are created by 
interference between two or more beams at least one of which is a guided mode. 
The intensity redistribution resulting from the interference causes the migration 
of charge carriers and forms an electrical field inside the waveguide layer. This 
electrical field modifies the local refractive index, which in turn diffracts the light 
beam passing through this area in a particular direction. In a planar waveguide, 
the modification of the refractive index is located in a very thin layer which has a 
higher refractive index than its surroundings.
The guided beam which passes through this grating can be amplified due to the 
energy transfer from the second (pump) beam. Compared with the thickness of a 
waveguide layer, the length of the grating can be much longer if the second (pump) 
beam illuminates the waveguide externally. High amplification of the guided beam 
can be achieved in this geometry.
The high optical intensity available in waveguides makes it easier relative to 
bulk configurations to observe and exploit nonlinear optical phenomena such as 
second-harmonic generation, multi-photon absorption and optical-intensity de­
pendence of the refractive index. Although the photorefractive effect is not an 
intensity-dependent phenomenon, high optical intensity plays an important role 
in speeding up this effect because the response time is roughly inversely propor­
tional to the light intensity. A 100-fold improvement in the photorefractive grating
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response time has been reported [43]. Waveguide photorefractive optics also of­
fers the possibility of applications in integrated optical devices, in particular those 
based on lithium niobate and gallium arsenide crystals.
5.5.1 E xp erim en ta l tech n iqu es
Here I analyze the advantages and disadvantages of the typical experimental ar­
rangements used for investigation of the photorefractive wave interaction in an 
optical waveguide. Fig.5.6 shows a traditional experimental arrangement of the 
photorefractive wave-mixing in a planar waveguide. Two coherent beams with the
Figure 5.6: Typical experimental geometry of the photorefractive interaction in a 
waveguide
same polarization are coupled into the waveguide through a prism. They form 
a photorefractive grating within the waveguide, which leads to energy exchange 
between guided beams. Fig.5.6 shows that although the guided beams travel quite 
a long distance within the waveguide, the long path within the waveguide is not 
actually used in the configuration. The actual interaction region between these 
two beams is quite small (unless the angle between beams is very small). One 
possible way to increase the interaction region is to increase the transverse size of
Region
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the two incident beams, but this is restricted by the coupling region between the 
prism and the waveguide. Experimentally, it is quite difficult to obtain a large 
coupling region. Also in this geometry, the second guided beam, which serves as a 
pump beam, suffers energy loss due to the prism coupling.
In the next two chapters, I will investigate the geometry of wave mixing which 
involves the interaction between guided beams and non-guided pump beams. Pump
Pump
Figure 5.7: Schematic of the alternative geometry for photorefractive wave mixing 
in a waveguide. Pump beams are supplied externally.
beams used for mixing are supplied externally and illuminate the waveguide from 
the cladding side and through the substrate (see Fig.5.7). In the region where all 
beams overlap, a refractive index grating is created through the photorefractive 
effect. This grating, in turn, leads to energy exchange among all waves.
This geometry provides a large interaction region between the pump and guided 
beams by taking advantage of the long propagation distance of the guided beams 
within the waveguide. The relatively large size of the photorefractive grating leads 
to efficient energy exchange between guided and pump beams. We achieved a 
strong amplification for the guided beam in this geometry.
Another purpose of this study is to use this geometry to form waveguide index
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gratings which couple external light beams (and guided beams) in (and out of) the 
waveguide. In addition, as I will show later, such created gratings not only couple 
light beams out of the waveguide but can also be used to control the shape of the 
beam, leading to its focusing.
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Chapter 6
PHOTOREFRACTIVE 
WAVE-MIXING IN PLANAR 
WAVEGUIDE
6.1 In tr o d u c tio n
One of the first important works on the interaction of four guided modes in op­
tical waveguide was reported by Hellwarth [105, 106] and Yariv [107]. Recently, 
Wood et. al. [77] and Kip [96] published a review paper on waveguide photorefrac- 
tivity. Most early experiments on waveguide photorefractivity involved hologram 
formation as shown in Fig.5.6. The mechanisms of hologram formation in such a 
geometry have been studied in the above publications. Shigeki et. al. [98] firstly 
performed degenerate four-wave mixing in a planar waveguide geometry using one 
guided beam and two external pump beams. However, the experiment did not use 
photorefractive nonlinearity. We developed this idea further and proposed some 
applications using this geometry.
In this chapter, I present detailed experimental and theoretical studies of two-
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and four-wave mixing in a planar photorefractive waveguide in the case when only 
the signal beam (and its phase conjugate beam if it exists) is a guided mode 
[99, 100]. All pump beams are supplied externally by illuminating the waveguide 
either from the substrate or cladding side. In the region where all beams overlap, 
a photorefractive index grating is created which leads to energy exchange between 
waves. Such a geometry provides a large interaction region between the pump 
and guided beams by taking advantage of the long propagation distance of the 
guided beams. In this way the guided beam can be significantly amplified even 
if the pump beam is relatively weak and the photorefractive coupling constant of 
the crystal is not very large. Also, the direct illumination by pump beams allows 
both their intensities as well as beam profiles to be controlled, thereby affecting 
interaction efficiency inside the waveguide.
6.2 T heoretical m odel
The most commonly used theory describing interaction via photorefractive gratings 
(phase holograms) is the coupled wave theory of Kogelnik [97]. In this approach, 
the grating is assumed to extend infinitely in two dimensions so that all field 
amplitudes are dependent only on the single remaining coordinate along which the 
grating is finite. This is basically a plane wave theory where the optical signals 
are assumed to be in the form of uniform plane waves. In reality, the sizes of the 
interacting beams are finite and beam profiles are not uniform. This results in 
nonuniform gain across the interacting beams and consequent deformation of the 
beam profiles.
The two-dimensional coupled wave theory describing the interaction of finite 
beams via refractive index gratings was introduced by Solymar et al. [108, 109], 
where the coupled field amplitudes varied in two-dimensions. A series of coordi-
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nate transformations were used 
then the coupled wave equations 
ing boundaries. Following Solyn 
of cross-beam gratings formed w 
[111] used a numerical method tc 
cal wave mixing in photorefracti 
profiles and finite sized beam, 
experimentally beam profile def<
move the beam profiles from the equations, 
solved by directly integrating over the grat- 
nethod, Kenan [110] analyzed the operation 
a single-mode waveguide. Krolikowski et al. 
i a two-dimensional model for nonlinear opti- 
iterials by considering the nonuniform beam 
/ predicted theoretically and demonstrated 
ion in two- and four-wave mixing.
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Figure 6.1: The geometry of tini ims interaction. The index grating is formed
in the region where interacting b overlap, s and r are coordinates orthogonal,
respectively, to propagating dire > of Is and Ip\.
When guided beams are invc 
model should at least be two-dir
in two- or four-wave mixing, the theoretical 
Dnal because of
• finite beam sizes,
• non-planar wave fronts,
104
• strictly nonuniform field distribution of the guided beams,
• dramatic change of intensity contrast of the interacting beams throughout 
their overlapping area which results in nonuniform gratings and deformation 
of the beam profiles.
As mentioned in the previous chapter, we are interested in dynamic development 
of photorefractive gratings formed by guided waves and non-guided external beams 
(see Fig.6.1). In this situation, the guided signal beam Is and pump beams Ip\ 
and Ip2 have the same polarization. They interfere and produce a hologram in 
the intersection region. The fourth beam Ipc is then generated via the four wave­
mixing process.
We followed the work of Krolikowski et al. [Ill] to describe this coupling pro­
cess via the dynamic grating in a photorefractive waveguide with the necessary 
modification to account for the presence of the waveguide which determines the 
extent of the effective interaction. The diffraction process and the grating forma­
tion are inseparable since they influence each other. There is no grating inside 
the waveguide before the beam interaction occurs. The grating which gradually 
builds-up by the presence of the interference pattern leads to energy exchange be­
tween beams. The contrast of the interference pattern changes from place to place 
because of the nonuniform field distributions, and this leads to the formation of a 
nonuniform grating. Bragg diffraction of beams from such a grating causes redis­
tribution of the beams’ energy and modifies the interference pattern as well as the 
grating. This process lasts until the steady state is reached.
The guided beam, unlike a beam propagating in free space or in a bulk crystal, 
must be a solution of wave equations (5.7) or (5.8), in which the refractive index 
n(x) is a function of the spatial coordinate (Gaussian profile in our case). The 
modes differ in spatial distributions of the electro-magnetic field. The electric
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field distributions used in our simulations are solutions of wave equations (5.7) 
specifically for the waveguide used in our experiments. These distributions will 
be given in next section. The electric field distribution of the guided mode is 
used for the field distribution along the s-direction (see Fig.6.1) as the initial 
condition. On the other hand, standard Gaussian function is used to represent the 
field distribution along the x-axis.
6.2 .1  C oupled  wave equations
In the one dimensional model, the interacting beams from two-wave mixing are 
assumed to propagate in the same direction. The equations are simple, and the 
physical picture is easy to follow. However, the conditions needed for the one di­
mensional model can not be satisfied in our situation, and two-dimensional treat­
ment has to be used.
We assume that the interaction process occurs in the plane of incidence (y , z ). 
The third coordinate x plays a role of a parameter (x-dependence is necessary to 
calculate power of each of interacting beams). For simplicity, we consider here 
only two interacting beams Is and IP\, and assume the crystal is nonabsorbing. 
An index grating is assumed to be formed in the region of intersection by beams 
Is and I  pi under a two-wave mixing process. The incident beams are represented 
as
Es = As (y,z)e tks'r + c.c.
E n  = A Pl(y, z)e~lkpi'r + c.c. (6.1)
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where
ks = k(ey sin 0 + ez cos 6)
kpi = k(—ey sin 6 + ez cos 0) 
k = n0 = /c0n0
The refractive index in the interaction region is given by 
n(y,z) = n0 + nYAsA*p-\ ,  i  \  iexp[—i[ks — kpi) • rj + c.c.
/n
( 6.2)
(6.3)
Here, n0 is the average refractive index of the medium, and n\ is the modulation of 
the refractive index by the presence of the beams. It is assumed that n\ <C n0. Io 
(= \As\2 + |^4pi|2) is the total light intensity. In the grating area, the total electric 
field can be written as
E(y, z ) =  As (y, z)exp(- iks -v) + APl(y, z )exp(- ikPVr) +  c.c. (6.4) 
Substituting this field into the wave equation
V2E -V k,Qn2{y, z)E =  0, (6.5)
leads to the following coupled-wave equations
s in # ^ ^ -  +  cos 0^—A. -f mife0^ pl A Pi = 0 
oy oz I o
sin 0~ ^ PI — cos Q~ ^ P- + mi/co^ S^ pl A*s — 0 (6.6)
oy oz I0
In deriving (6.6), we have assumed that As and /Ipi are slowly varying so that 
the terms involving second derivatives of As and Ap\ have been neglected. This 
means that As and j4p ! must not change much over distances of the order of a 
wavelength. Equation (6.6) can be simplified by introducing a new coordinate 
system (r, s) where r is orthogonal to kP1, and s is orthogonal to ks. r and s are 
defined by
r = y cos 0 + 2  sin 9
s = — ycosO + zsin# (6.7)
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Using (6.7) in (6.6), we transform the latter into:
dAg . niko AgA*p 
dr sin 26 / 0
dA*p^  . ri\ko AgA 
ds sin 26 70
6.2 .2  C oupled-w ave eq u ation s and b oun dary  con d ition s
In the analysis of the wave interaction involving guided modes I will consider, 
for simplicity, a single-mode waveguide. Since the waveguide layer is very thin 
(tens of microns), it is reasonable to assume that the divergence of the pump 
beams is negligible over the interaction area. If all interacting beams are mutually 
coherent, then many different gratings can be generated. It is well known that 
such a situation is usually detrimental for the process of beam amplification and 
phase conjugation [112]. For this reason we will only discuss the most commonly 
used arrangement, the so-called single grating case. In our model, we assume that 
guided beam Ig is coherent with one of pump beams lp\ .  Pump beam Ip2 and 
Ig are mutually incoherent. Pumps Ip2 and Ipi are counter-propagating and are 
assumed to have the same transverse structure. Pump Ip2 is diffracted by the 
grating generated by Ig and /pi, and part of its energy is coupled into Ipc  which 
is the phase conjugate replica of signal beam Ig.
Since Ig and Ipc  are guided beams, their field distributions should be the mode 
distribution of the waveguide. However, the nonuniform energy redistribution 
due to interaction between the pump beams, guided beams and grating causes 
deformation of the profiles of all interacting beams. This means that the interaction 
process leads not only to amplification of the guided beams but also excitation of 
radiation modes. Radiation modes are not confined to the guiding layer and will 
separate from the beamafter a sufficiently long propagation distance. We calculated 
the contribution of the radiation modes due to nonuniform coupling and found that
- A p i  =  0
— A }  =  0 (6 .8)
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its power never exceeded 7% of the total power after interaction.
In order to compare our simulation with experimental results, here I only con­
sider the guided beams polarized in x direction (perpendicular to the plane of 
Fig.6.1). For a Y-cut lithium niobate crystal (with the guided beam propagating 
in the z direction), an x polarized beam represents a TE mode. The interaction 
area is defined by the effective thickness of the waveguide and the size of the pump 
beam along the z axis.
Referring to (6.8), we consider the interaction of four waves with the slowly 
varying amplitudes As(r, s), Apc(r,s), Api(r,s) and Ap2(r, s) denoting guided 
beams and pump beams, respectively. Then, the interaction process can be de­
scribed by the following equations
dAs
dr
dA\
—  Q A p i  —  o t \ A s
— —QA*S — a 2A*f (6.9)
dApc =  - Q A P2 + <x\Apc or
BA*
— QA*pc +  c*2Ap2
where Q is the amplitude of the refractive index grating and is given by
^ __ AsA*Pl + ApcA*P2
W  — 1  T
Jo
7 is the coupling constant which depends on material parameters and geometrical 
factors and ct\{2) denotes the linear absorption coefficient. The coupling constant 
may be complex with its phase determined by the phase shift between the index 
grating and the interference pattern. We introduce absorption coefficients oq for 
the guided beams, and a2 for the pump beams. These two quantities may differ, 
as typically waveguide losses exceed those of bulk medium. In deriving Eq.(6.9), 
we assumed that all waves propagate in the plane x = 0, and therefore, the x- 
coordinate will appear here only as a parameter reflecting the Gaussian profile of
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the beams along the x direction
As (x,r, s) = As {r,s)exp(-aix2) 
Api(x,r,s) = Api(r, s)exp(-a2x2) 
AP2(x,r,s) = AP2(r,s)exp(-a2x 2)
( 6 . 11)
Eq.(6.9) have to be accompanied by appropriate boundary conditions:
As (r = 0) = Aso(s)
A p i ( s  — 0) —  Apio(r) (6 . 12)
Ap2(s — D) — Ap20(r)
Apcix — L) — 0
D is the depth of the waveguide in s-direction, and L is the length of interaction 
area in r-direction. As no analytical solution for this system is available, we have 
to use numerical simulation.
The initial amplitude distributions of pump beams are assumed to be Gaussian 
functions which well represent real intensity distribution determined from exper­
imental measurements. The amplitude distributions of guided beams have forms 
of appropriate modes of the particular waveguide, which were given by (5.7).
In the simulations, the amplitudes of the beams vary temporarily and spatially 
during interaction, as does the grating amplitude. To solve the whole set of equa­
tions we used the split-step technique. As the photorefractive effect is relatively 
slow we can divide the time scale into small intervals. The index grating ampli­
tude is considered stationary in each interval, and the amplitudes of all interacting 
beams are determined solely by the wave interaction on the time-independent grat­
ing. Solving equations in (6.9) we can find the distribution of beam amplitudes 
across the interaction region. These amplitudes are then used to modify the grat­
ing. The whole process is repeated until the steady-state is reached. The dynamics
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of the grating is approximated by the following formulae [111]
Q(tN) = Q(tN-i )exp(-At)  + 1 AsApi + ApcAP2 [i _  eXp ( - k t ) \
(6.13)
in which Q(tff-i) is the grating amplitude at time interval £at_i , and it is a known 
value here. At  = t# — t ^ - i  is a small value compared with the response time 
of the grating. All beam amplitudes in this equation are known values which are 
calculated from the previous time interval. At the initial time, no grating exists 
in the waveguide, i.e. Q(t0) = 0. During the integration of Eq.(6.10), the grating 
Q is just a known function of spatial coordinates. The interaction of four beams 
can be integrated separately as two independent two-wave mixing systems. One 
is starting from r =  0 (for As) and 5 = 0 (for Api), and ending at r — L and 
s = D. The other is just on the opposite direction, starting from r — L (for Ape) 
and s = D (for AP2), and ending at r = 0 and 5 = 0.
This numerical procedure was used to obtain a set of numerical data. 1 will 
present these results later, together with the experimentally obtained character­
istics of the wave mixing process. Before doing this I will give details of the 
experimental setup.
6.3 E xperim ental setup
6.3 .1  W avegu ide fabrication
In our experiments with a photorefractive waveguide we used a Y-cut (20 x 15 x 
3mm3) iron-doped lithium niobate crystal (Fe concentration 0.015%). The waveg­
uide on this crystal was fabricated by Dr. Mark Webster and Dr. Michael Austin at 
Royal Melbourne Institute of Technology. In order to form a waveguide, a standard 
in-diffusion process was used[134]. A 70nm thick titanium film was deposited upon the
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surface of the lithium niobate sample. The crystal was subsequently heated for 7 
hours at a temperature of 1050 °C. In this way a whole titanium layer diffused into 
the crystal leaving its surface of crystal quality without the need of re-polishing. 
This procedure resulted in formation of a waveguide which supported five TE/TM 
modes at a wavelength of A = 514.5nm. However, the procedure also resulted in 
the crystal’s decolorization, weakening of the crystal’s photorefractive effect and 
decreasing its absorption losses.
The photorefractive effect observed in LiNbO3 crystal can be explained and at­
tributed to the photo-ionization of various impurities (Fe in our crystal). LiNbO^, 
when doped with Fe-oxides and illuminated, undergoes photo-ionization of: Fe2+ + 
hv Fe3+ + e~. Free carriers can be generated by excitation of electrons from 
Fe2+ into the conduction band when the crystal is illuminated by an optical field 
with sufficient intensity. The procedure of waveguide fabrication in our crys­
tal heavily reduced the concentration of Fe2+, and in turn reduced the photo-
Cpe 2+conductivity which is proportional to
Cpe3+
{Cpe2+ is the concentration of Fe2+)
[113]. In order to increase Cpe2+, the crystal was heated again to anneal the heavily 
oxidized crystal in Ar atmosphere at around 800 °C. After the process the crystal 
changed its color to darker brown and exhibited strong photorefractive effect (as 
well as increased absorption loss).
6.3 .2  M easu rem en t o f w aveguide losses
As shown in Fig.6 .2 , the laser beam was coupled into the waveguide by a rutile 
prism coupler. A pressure was exerted on the prism along the y direction so that 
the gap between waveguide surface and the base of the prism was as small as 
possible. The pressure should not be too high to avoid damaging the surfaces of 
the crystal and the prism. On the other hand, pressure which was too low would
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Figure 6.2: The waveguide was fixed on a rotating stage which could be hne 
adjusted.
not result in efficient coupling. We obtained quite a large coupling area on the 
base of the prism. After illuminating by a laser beam incident a t a suitable angle, 
each of the guided modes could be excited. The laser beam could be coupled into 
different guided modes by slightly rotating the stage. The wavelength of the laser 
beam used in our experiment was A =  514.5nm. The optical axis of the rutile 
prism was directed along x  direction. The extraordinary and ordinary refractive 
indices of the rutile prism were ne = 3.006 and n0 = 2.689, respectively. Guided 
TE modes were excited by using x  polarized laser beam, and TM modes were 
excited by y polarized incident beam. The waveguide supported five TE modes 
and five TM modes. All measurements in our experiments were conducted on the 
first four modes (TE or TM). The measured excitation angles of the first four TE 
modes, were 19.6°, 19.4°, 19.2°, 19.0° (±0.05°). The same measurements with a y-polarized 
beam gave the following excitation angles for the TM modes: 46.2°, 45.8°, 45.5°, 
45.2°. They were very close to the values found theoretically 46.345°, 46°, 45.65°,
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45.32°.
The fundamental method of determining waveguide losses is to launch a beam 
of known optical power into one end of the waveguide and measure the power 
emerging from the other end [15]. However, such measurement does not give the 
absorption coefficient for each individual mode as typically the end-fire coupling 
excites many modes simultaneously. Therefore, we used a different method. We 
measured losses of guided modes by recording the intensity of light scattered by 
propagating guided beams [114, 115]. We used a CCD camera to take pictures of 
the waveguide propagating in different modes and measured the intensity profiles 
along the guided beams. This method avoided the inaccuracies mentioned above 
and could specifically measure the losses of each mode. This method is based on 
the assumption that the scattering is uniform along the waveguide. In practice, it 
was found that the scattering was strong in some places and weak in others. Fig.6.3 
shows the measured intensity of the scattered light as a function of the position 
for four different TE modes together with linear fit obtained by the least square 
method. The slope of the solid line represents the loss per unit length (cm-1).
The average of absorption coefficients in different modes were:
TEo = 1.179cm-1 
TEi  =  1.469cm-1 
T E2 =  1.496cm-1
T E 3 = 2.050cm-1 (6.14)
In a separate measurement, the absorption coefficient of the bulk crystal was 
determined to be a = 1.137cm-1.
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Figure 6.3: The measurement of absorption coefficients of guided modes
6.3 .3  E ffective refractive ind ices and th e  field d istr ib u tio n s  
o f th e  gu ided  m odes
The effective refractive indices (discussed in section 5.3) of guided TE and TM 
modes can be measured by the prism coupling method [104, 103].
Inspection of the waveguide used in this research showed the presence of four 
TE modes and four TM modes. By using a prism coupler, the coupling angle 
(*i corresponding to a particular mode could be determined. Then, the effective
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Figure 6.4: Prism coupling method to measure effective refractive indices o f guided 
modes in our waveguide
refractive index TVj of this mode could be calculated according to
= rip sin[fl — sin-1 ( -  4-S----- -)] (6.15)
Tip
We used a rutile prism (T 1O2 ) with 0 = 45°, rip = 2.689 for an ordinary beam, 
rip =  3.006 for an extraordinary beam (see Fig.6.4). Both refractive indices refer 
to wavelength A =  514.5 nm. The incident angles for the first four TE modes 
were 19.6°, 19.4°, 19.2°, 19.0° (± 0.05°). The corresponding effective refractive indices of TE 
modes were found to be
N0 = 2.249107 
Ni = 2.247084
N2 = 2.245383 (6.16)
N3 = 2.244062
(6.17)
Other parameters relevant to this waveguide were provided by Mark Web­
ster et. a 1. at Royal Melbourn Institute of Technology. These parameters were 
ne = 2.243122, A ne(0) =  0.007655, and the diffusion depth of the waveguide 
d =  5.592977pm.
116
-  t e 2
- 0.25
Depth below surface (fi mj
Figure 6.5: Spatial profiles of the TE guided modes
Substituting the Gaussian refractive index profile (5.6) with the parameters 
(ne, Ane(0), d) into the wave equation (5.7) allows for numerical calculation of 
the field profile for guided modes. The amplitudes of the first four TE modes are 
shown in Fig.6.5.
6.3 .4  W ave m ix in g  - exp erim en ta l arrangem ent
The experimental set-up is shown in Fig.6 . 6. A laser beam from an argon ion 
laser (A = 514.5nm) was divided by a beam splitter into signal beam Is and pump 
beam Ip. A rutile prism was used to couple the signal beam into the waveguide. 
The guided beam was propagating along the z-axis and was subsequently decou­
pled through the polished edge of the crystal. In most cases the guided beam 
propagated as a TE mode. The pump beams were propagating in the plane per­
pendicular to the surface of the waveguide. The coherence length of the laser was
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X =514.5 nm
Figure 6.6: The experimental arrangement for two- and four-wave mixing inside 
the waveguide; L\ — L4 lenses; M\ — M4 mirrors; B S beam splitter
less than 1U cm. We arranged the pump Ip i and signal beams Is to be coherent 
in the overlapping region. By reflecting beam Ip2 from the moving mirror (mir­
ror mounted on a PZT transducer driven with an AC signal of 1kHz) we made 
it effectively incoherent with IPi despite propagating over exactly the same dis­
tance. This is because photorefractive effect is relatively slow and cannot follow 
fast changes of the relative phase of both beams.
The pump beams were expanded along the z direction in order to obtain a suf­
ficiently large interaction region. The transverse size of the pump and hence 
the area where both beams overlapped could be adjusted by a set of cylindrical 
lenses. Unless specified otherwise, the pump beams were focused into approxi­
mately 1 x 6.8mm2 spot.
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6.4 Tw o-w ave m ix ing
The simplest interaction via the photorefractive effect involves only two beams. 
In this so called two wave mixing, energy flows from one beam to the other, thus 
enabling amplification of the weak signal at the expense of the strong pump. We 
start our discussion of the experimental results with the photorefractive two-wave 
mixing.
A . T em poral behavior o f tw o-w ave m ixing
We first studied the amplification process of a guided beam via interaction 
with the pump Ip\ (which was incident at a «  80deg at the waveguide surface). 
The second pump beam Ip2 was blocked in this experiment (see Fig.6.6). By 
properly choosing the crystallographic orientation and the geometry of interaction, 
the mixing process resulted in the direction of the energy flow from the pump to 
the guided beam. In the experiment the signal beam was turned on first. We then 
turned on the pump and recorded output intensity of the out-coupled signal beam. 
Fig.6.7 displays the temporal behavior of the gain coefficient of the guided modes 
during this interaction. The gain here was defined as the logarithm of the power 
ratio of the output guided beam with and without the pump. The clearly visible 
amplification is similar to standard two-wave mixing in a bulk photorefractive 
crystal. In our experiment, we kept the input power of the pump at a constant 
level of 145m W . The output power of each mode without the pump beam was 
kept constant at 0.0125mIT. The reason for keeping a constant output power of 
the guided beam instead of the constant input power was because the coupling 
efficiencies of the prism for different modes differed quite a lot, and very often 
varied with different coupling positions. So the power ratio of the pump and the 
guided beam in the interacting area was more predictable for constant output 
power than constant input power.
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Figure 6.7: The experimental measurements o f temporal growth o f guided modes
amplified via two-wave interaction. The Gain is defined as the logarithm of the power 
ratio o f the output guided beam with and without the pump.
Amplification of the guided beam was apparent and was quite strong despite 
the very small thickness of the waveguide (5 — 10pm). This was because the length 
of the interaction region was sufficiently large (6.8mm) to enable significant energy 
transfer from the pump. The stronger amplification of the higher order modes was 
probably due to their larger interaction volume, as they penetrated deeper into the 
crystal. The width of the guided beam was around 0.8mm. From the experimental 
data given above, the average intensities of the guided beam and the pump beam 
in the interaction area were 0.85W /cm 1 and 1.8IT/cm2, respectively.
One of advantages of a waveguide geometry in wave mixing is the significant 
decrease of the photorefractive response time (to microseconds) due to a large
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F igu re  6 .8 : E xperim entaJ (points) and theoretical (lines) dependence o f the effec­
tive gain as a function o f the input power ratio.
light in tensity  resu ltin g  from  th e  sp a tia l confinem ent o f th e  beam  [42, 43, 116]. 
R esponse tim es in these p rev ious experim en ts  were in th e  m icrosecond range. In 
our experim en ts  th e  tim e  co n stan t was s im ila r to  th a t  m easu red  for two-wave 
m ixing  in a  bu lk  LiN bO 3 : Fe  c rysta l. T h is  is because th e  ligh t in ten s ity  in our 
waveguide was several orders o f  m ag n itu d e  lower th a n  in those  earlie r experim en ts. 
B . T he depend en ce o f effective gain on beam  in ten sity  ratio
Similar as the two-wave mixing in bulk photoreffactive crystals [27,132], the energy exchange between 
two beams, where one is a guided beam, depends on their relative intensities. This effect was clearly seen in 
the experiments. Fig. 6.8 shows the dependence of the effective gain experienced by the guided modes as 
a  function  of th e  in p u t pow er ratio . In th is  figure th e  ex p erim en ta l resu lts  are
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represented by points, while curves represent num erical solutions of the coupled 
wave equations (6.9). The power ratio  in F ig.6.8 was the ratio  between the  pum p 
beam  power (inside the waveguide) and the guided beam  power before it entered 
the in teraction area. The in itia l power of the  guided beam  was estim ated  by 
m easuring the power rad ia ted  from the exit face of the  waveguide and tak ing  into 
account linear losses. In th is experim ent, the power of the guided beam  in each 
mode was kept a t the same level. The initial power ra tio  was controlled by varying 
the inpu t power of the pum p beam . The size of the pum p beam  (and consequently 
the length of in teraction region) was kept constan t th roughout the experim ent.
At the beginning of each m easurem ent the crystal was illum inated w ith a  uniform 
strong optical beam  in order to  erase all gratings formed in previous runs. Then 
we launched the signal beam  into the waveguide, m easured the  ou tp u t power and 
then tu rned  the pum p beam  on.
The dependence of the gain on the inpu t pum p ratio  was calculated using the
PJt)
theoretical model described in section 6 .2. Here, Gain = log 5 , where Ps(t)
S  \  w /
is the power of the guided mode m easured at the exit face of the waveguide after 
t seconds of illum ination by the pum p beam . In these calculations the coupling 
constan t 7  which determ ined the ra te  of energy transfer between the beam s, was 
used as an ad justab le param eter.
Using experimental data for the theoretical simulation, and taking the adjustable parameter 
(coupling constant) as y = 3.77 cm-1, the simulation showed similar trend as measured in the 
experiment. In the range of power ratio available in experiment, the effective gain increased with the 
increm ent of in itia l power ratio. The sim ulation showed th a t th is effective gain 
sa tu ra ted  for high values of Q which is consistent w ith two-wave m ixing in bulk 
m aterial [27].
Again the effect of stronger am plifications of the higher order modes is clearly
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visible. The guided mode amplification demonstrated here can be very useful in 
integrated optical devices. It eliminates the problems related to the coupling of 
the pump beam into a guided mode and can be performed in any available region 
of a waveguide structure. Another interesting aspect of this two-wave mixing 
process lies in the fact that beam amplification can also be obtained when several 
guided beams with different wavelengths propagate simultaneously, as happens 
in systems based on a wavelength division multiplexing concept. In such a case, 
selective amplification of the desired wavelength would be obtained by choosing the 
appropriate wavelength of the pump. Beam interaction involves the wavelength- 
sensitive Bragg diffraction and therefore the grating written by one component 
would not affect others.
6.5 Four-wave m ixing
Interaction of four waves, the so called four-wave mixing process, is often used to 
perform phase conjugation of optical signals. In this process a nonlinear medium 
is pumped by a pair of counter-propagating laser beams. When a signal beam is 
incident upon the medium, a fourth beam is generated. This beam propagates in 
the direction opposite to the signal beam and is a phase conjugate replica of the 
signal beam [5, 6]. Four-wave mixing in bulk crystal has been studied extensively, 
and its mechanism is well understood. Such interaction has also been studied in 
the planar waveguide geometry. A typical interaction scheme is shown in Fig.5.6. 
In this case, all interacting waves are guided waves of the planar waveguide. A 
photorefractive grating is produced in the interaction region in the same way as in 
a bulk crystal.
A theoretical treatment of the interaction between guided modes and radiation 
modes was described first by Weinert-Raczka [117, 118]. Using one dimensional
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theory, beam amplification and phase conjugation have been studied.
Here I demonstrate theoretically and experimentally the four-wave mixing pro­
cess which involves two beams as radiation modes and two beams as guided modes. 
A two-dimensional theoretical model is used to simulate this process numerically.
The experimental setup is shown in Fig.6.6. A moving mirror mounted on a 
PZT, which introduced about 3 kHz  Doppler frequency shift, was used on the 
path of pump beam IP2. This could effectively eliminate the possibility of forming 
a grating by IP2 with Is and IP\ due to the slow response of the photorefractive 
effect. To ensure the high efficiency of the interaction process the interaction region 
was placed in the waist of identical, counter-propagating pump beams. In order to 
achieve two pump beams as close to phase conjugate beams as possible, we did not 
expand the pump beams. The diameters of two pump beams were approximately 
0.8mm  in the overlapping area.
A grating was generated by pump beam IP\ and guided beam Is- The diffrac­
tion of the pump IP2 from this grating generated a phase conjugate replica of the 
signal guided beam Is- This beam (IPc) propagated in the opposite direction to 
Is- It was decoupled by the prism coupler and could be clearly observed on a 
screen (or measured by a detector). This beam was generally very weak, which 
was the result not only of the weak interaction but also losses in the waveguide 
and low coupling efficiency of the prism coupler.
In Fig.6.9, I show the experimentally measured dependence of the phase con­
jugate reflectivity on the input pump ratio. The phase conjugate reflectivity was 
defined as PPc/Ps  where PPc and Ps denote the power of the phase conjugate 
beam and that of the guided signal beam measured after leaving and before entering 
the prism, respectively. The input pump ratio was defined as Q\ = PP\(0) /  PP2(D) 
where PPi(0) was the power of / F1 at the surface of the waveguide (s = 0) and
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Figure 6.9: Phase conjugate reflectivity versus incident pump ratio Q\, for several 
values of the input power of the signal beam.
PP2 ^D) was the power of Ip2 at the other boundary of the waveguide (s = D). 
Also, on the same graph we show the results of numerical simulations which were 
performed assuming 7 = 4.1cm-1. In this experiment we kept Is and Ip2 constant 
and measured the power of Ip\ and Ipc • The graph shows that, similar to the 
case of a plane-wave interaction in a bulk medium, a phase conjugation process 
can be optimized by choosing an appropriate pump ratio. The angle a  used in 
simulations was 89°.
The difference of coupling constant between two- and four-wave mixing is 
caused by the different conditions in these two experiments, such as different 
pump beam sizes, and different incident angles (80° in two-wave mixing). Also the
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misalignment of overlapping area between pump beams and guided beam could 
directly influence the coupling coefficient.
The process of four wave mixing is often used to perform optical phase conjuga­
tion of the image bearing beams. However this can only be done in the interaction 
in bulk medium. Optical beams propagate in a planar waveguide as a superposi­
tion of the transverse modes which determines the spatial distribution of the light 
intensity [119, 120]. Therefore, one can only perform phase conjugation of the 
one-dimensional patterns unless the number of guided modes is very large. On the 
other hand, a four wave mixing scheme can be used as an alternative way of cou­
pling the optical beam into the waveguide via index grating formed by the pump 
and guided beams.
6.6 C onclusion
In this chapter, a theoretical model was given for a nonlinear interaction of guided 
and radiation modes in an optical planar waveguide. Equations which described a 
two-dimensional interaction between pump and guided signal beam were derived 
and numerical simulations have been performed for two- and four-wave mixing. 
Details of the experimental investigation of the waveguide wave mixing with exter­
nally supplied pump beams were discussed. The comparison between experimental 
results and that of simulations showed reasonably good agreement. Strong amplifi­
cations of the guided beam propagating in different transverse modes were achieved 
in two-wave mixing in this geometry due to large size of the pump beam. A phase 
conjugate replica of the guided signal beam was generated in this system and its 
application as waveguide coupler has been indicated.
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Chapter 7
APPLICATIONS OF THE 
PHOTOREFRACTIVE EFFECT  
IN WAVEGUIDE
7.1 In troduction
The applications of waveguide gratings have long been of great interest [15, 121, 
122, 123]. For example, waveguide grating couplers have been proposed for use in 
various special optical devices including optical data heads, optical transform fil­
ters, VLSI optical interconnections, and multi-chip module clock-signal-distribution 
networks [124]. Much work have been done recently to use gratings to couple light 
into and out of the waveguide [125, 126]. In [125, 126], gratings were fabricated 
on top of a planar waveguide and incident beams diffracted from these gratings 
to enter the waveguide at an angle that permitted total internal reflection to oc­
cur in the waveguide. Different techniques, such as optical and electron-beam 
lithography, were used to fabricate the gratings. In this chapter, I will discuss the 
formation and operation of waveguide couplers by photorefractive wave-mixing. I
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will demonstrate some functions performed by this kind of coupler such as beam 
profile control, focusing of the out-coupled beam and coupling of different waveg­
uide modes. Theoretical simulations of these features are performed and compared 
with experimental results. Finally, I will dem onstrate grating formation by using 
the photovoltaic effect in the waveguide.
7.2 B eam  profile  co n tro l u s in g  tw o-w ave m ix in g  
in  w aveguide
Since photorefractive wave mixing involves the formation of refractive index grat­
ings or planar holograms within the medium, this process seems to be naturally 
suitable for the creation of waveguide grating couplers which can couple and /or 
decouple light into or out of the waveguide [122]. However, to be practically useful 
these gratings would have to be permanent. This could be realized using one of 
several known methods for fixing photorefractive hologram such as thermal[127, 135] or 
opto-electrical screening [128]. Actually the idea of using photorefractive gratings 
as couplers was suggested some time ago [129]. Here we extend this concept to 
show tha t it is possible to create couplers which not only decouple the light beam 
but also enable its transverse profile to be controlled. It is well known th a t the rate 
of energy transfer and subsequently the amplitude of the refractive index grating 
in a two-wave mixing process depends strongly on the relative intensities of inter­
acting beams. Therefore by adjusting the relative input power of pump and signal 
beams it is possible to create a photorefractive index grating whose am plitude pro­
file varies across the interaction region. When a guided beam passes through such 
a grating it will be diffracted out of the waveguide with an efficiency depending on 
position within the grating area (this is shown schematically in Fig.7.1). This, in
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effect, will result in a variation  of the transverse profile of the diffracted beam .
Figure 7.1: Schematic representation o f waveguide grating coupler. Bold lines 
inside waveguide represent area with strong grating intensity.
In order to  dem onstrate  th is idea we used a two-wave mixing arrangem ent (only 
pum p beam  A P\ and guided m ode As  were present). A dditionally, we annealed 
the LiNb03 in an oxidizing atmosphere. This process reduced the concentration of Fe2+ centers 
[113] and increased the photorefractive response time. In this way we were able to record a long- 
lasting grating although it had lower diffraction efficiency. The pump beam had a Gaussian
profile. The size of th e  pum p in the z d irection was around 6 mm. The guided 
beam  was in the T E q mode bu t sim ilar behavior was recorded for higher order
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modes as well. The incident angle of the pump beam was close to 90°. Neutral- 
density filters were used to control beam intensities in the interaction region so 
that we could vary the incident power ratio. A separate uniform beam was used 
to erase any previously recorded gratings by flooding the interaction region. A 
CCD camera was used to record the intensity profile of the diffracted beam. The 
recorded photorefractive grating existed in the waveguide for as long as 20 minutes 
under weak illumination by the guided beam. The measured diffraction efficiency 
reached approximately 10%.
Q = 1 .16x10’
Q = 0.12 x 10'
Q = 0.095 x 10
Q = 0.035 x 10
Q = 0.0064 x 10
0.0 0.8
Z (cm)
Figure 7.2: Transverse intensity profile of the decoupled guide beam for several 
different values of input power ratio; solid line is experimental measurements, 
dashed line is simulation result (7 = 0.6cm_1J.
The pump beam was expanded using a telescope system and only the central
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part of it (6 x 1 mm 2) was used to interact with the guided beam. In this way, the 
intensity distribution of the pump beam was more uniform than a normal Gaussian 
beam.
In Fig.7.2 we plot the transverse profile of the decoupled beam (near-field as 
imaged by a CCD camera) for a few values of the input power ratio Q which is 
defined as
Q  =  ~  (7. 1)
where Pp and Ps are total pump beam power (before interaction) and total guided 
mode power (before interaction), respectively.
The solid line represents experimental measurements while the dashed line is 
a result of our 2-dimensional theory of wave mixing. In the calculations it was 
assumed that the decoupled beam did not affect the grating, which was justified 
by the long life-time of the grating. As Fig.7.2 shows, a very uniform intensity 
distribution in the decoupled wave can be obtained.
The intensity distribution of the diffracted beam for a fixed power ratio is re­
lated to the grating intensity and the losses of the guided beam within the waveg­
uide. In our experiment, the intensity of the pump beam was the largest in the 
central part of the beam and decreased at the wings. For a large power ratio, such 
as Qi = 1.16 x 104, the intensity of the central part of the pump was much stronger 
than that of the guided beam so the grating amplitude was quite weak in this area 
(as the fringe contrast was very low). However, the guided signal beam, although 
enduring losses during transmission, was also amplified by the pump beam. It was 
clear that, with a large power ratio, the grating was strong in the initial and far 
end parts of the interaction region as the the fringe contrast there was quite high. 
As a result the profile of the outgoing beam was very nonuniform in this case.
The maximum diffraction efficiency recorded in the experiment reached 10%
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for the power ratio Q=64.
7.3 G ra tin g s  fo rm ed  by d iffe ren t g u id ed  m o d es
CCDv
Figure 7.3: Grating formed by different guided beams in the same region of the 
waveguide.
A Bragg grating is a strong wavenumber-selective device. In the case of waveguide 
optics, this means that a grating recorded through interference of a reference beam 
with the particular guided mode will not affect propagation of other modes. This 
property can be used to record several different gratings which will selectively 
decouple different modes.
To create such gratings, we used two pump beams illuminating the same area 
of the waveguide (see Fig.7.3), but incident at different angles. In order to avoid 
direct interaction between these two pump beams, they were mutually incoherent. 
Two different guided modes (TE0 and TEi ) were excited simultaneously via prism 
coupling, and each of them was coherent with its corresponding pump beam. As a 
result two different index gratings were formed in the same region of the waveguide.
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(a) TE(
(b) TEl
(c) TE0 + TEi
Figure 7.4: Diffraction from gratings formed by different guided modes.
The pump beams were turned off after the gratings were created, and only guided 
beams remained. Since different modes had different propagation constants each 
guided mode could only “see” and be diffracted off by one of the gratings (the 
one recorded by this mode). In Fig.7.4, we show the beams out-coupled from the 
waveguide by two superimposed gratings. If only one guided mode was propagated, 
it was diffracted by the corresponding grating (a,b). When both guided beams were
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propagated simultaneously, they both were out-coupled and two distinct spots were 
visible on the screen (c).
In this particular experiment both gratings were recorded in the same volume of 
the waveguide. This affected the diffraction efficiency because during the recording 
of the gratings each pump beam was partially erasing the grating formed by the 
other pump. However this can be easily avoided by physically separating both 
gratings.
7.4 W avegu ide  lens
Waveguide lenses are extremely important components for integrated optics since 
they perform various functions of imaging, collimating, focusing, and Fourier trans­
forming of a guided wave. They have potential application in many commercial 
devices such as in CD players. There has been much interest in diffraction-type 
waveguide lenses since they eliminate many of the problems existing in other kinds 
of waveguide lenses [121]. The focusing characteristics (focal length) are deter­
mined by the planar lens pattern (in particular, the periodicity) and are insensi­
tive to fabrication process variations; the focal length control is easy and highly 
reproducible.
In this section I demonstrate a simple way of producing a waveguide lens using 
photorefractive wave mixing in a planar waveguide [100].
The lens was generated by two-wave mixing involving a guided beam and an 
external pump beam (see Fig.7.5). The pump beam was tightly focused in such a 
way that the focal plane was located on the other side of the crystal. In order to 
avoid deformation of the diffracted beam we used here a strong signal beam and 
a relatively weak pump beam so that the transverse beam profile of the diffracted 
beam was close to that of the pump beam. Due to the strong curvature of the
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Guided Beam
LiNb0 3  : Fe \
Figure 7.5: The process o f fabricating a waveguide lens by a two-wave mixing
pump beam, orientation of the refractive index grating became a function of its position within the 
waveguide. Therefore, during the reading process, different areas of the grating diffracted the guided beam 
not only with different efficiency but also in different directions. As a result, the beam diffracted by this 
grating was strongly focused. It should be mentioned that, in general, the lens properties of the grating will 
not be spatially isotopic since grating strength is a strong function of spatial coordinates[121]. This implies 
some level of astigmatism to be present during the beam focusing.
The intensity profile of the pump and guided beam decoupled from the waveguide are shown in Fig. 7.6. 
Here we used a CCD camera to record the transverse field distributions along the propagation direction of 
the pump beam. Then we created the waveguide lens by the interaction of both the pump beam and the 
guided beam within the overlapped area. We later blocked the pump beam and recorded the transverse 
field distribution of the diffracted beam along the propagation direction of the diffracted beam.
The transverse intensity distributions of the pump and the diffracted beams 
were both given as Gaussian functions. The position and the beam waist of the 
pump beam were 84 mm and 16.7pm , respectively. For the diffracted beam, they 
were 85 mm and 13.2fim. Using this method it is fairly easy to arrange for the 
out-coupled beam to be focused and pointed towards any specific direction by 
adjusting the position of the pump beam and its diameter in the focal plane during 
the grating recording process.
It is worth mentioning that this geometry may also be used in forming a wave-
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Figure 7.6: Focusing behavior of pump beam and diffracted beam
length dispersing lenses. To this end one has to use different wavelengths during the 
grating formation process. Then each component of the multi-wavelength guided 
beam propagating in the waveguide will be selectively diffracted out and focused 
by the corresponding lens.
7.5 T he in teraction  betw een  orthogonally  polar­
ized beam s
All experiments discussed previously related to the standard photorefractive effect. 
The gratings were always induced by the interference of the interacting waves which 
had to be of the same polarization (TE in our experiments). In this section, I will
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describe a waveguide interaction and grating formation which is due to the so-called 
photovoltaic effect when the mixing optical beams are orthogonally polarized.
In photorefractive crystals, the nonlinear interactions of waves with orthogonal 
polarizations can form a refractive index grating due to the so called circular 
photovoltaic effect. This grating is not caused by the modulation of light intensity, 
but by the modulation of photo-currents which oscillate in space and travel along 
directions that depend on the state of polarization of light and not on its intensity. 
Photo-currents are generated due to the existence of the third rank photovoltaic 
tensor ßklm.
S  0.7
- -  TM 3
400
Time (sec.)
Figure 7.7: Temporal evolution of the guided modes due to the photovoltaic effect 
in two-wave mixing process
Following from the phenomenological theory of the bulk photovoltaic effect
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[130], the polarization-dependent photovoltaic current density is given by:
jk  —  ßklm  +  i ß  klm) E l  E rn
l,m
Here ß s,a are the real linear (symmetric) and circular (antisymmetric) photovoltaic 
tensor components and E^m are the interacting light fields.
The photovoltaic current causes the buildup of a periodic space-charge field 
Ek, which leads to a perturbation of the dielectric tensor through the electro-optic 
effect, AEij = —Su^ijkEkSjj, where 7^  is the electro-optic tensor component.
In our experiment the guided beam was a TM mode propagating along the 
z direction. The polarization direction of the pump beam was parallel to the z 
axis, and it propagated along y direction (see Fig.6.6). The angle between the 
guided beam and the pump beam was close to 90°. In the overlapping region 
these two beams created periodic changes of the polarization with the wave vector 
K =  ks — kp. The changes of polarization, in turn, led to the formation of the 
refractive index grating with the period given by 1/|K | and subsequent interaction 
of beams (energy exchange).
Fig.7.7 shows the temporal behavior of output guided modes in the presence 
of an orthogonally polarized pump beam. The energy exchange process is clearly 
visible. The power was transferred from the guided modes to the pump beam and 
the power exchange rate could reach 30% over the interaction length of 3 mm. 
The experiment showed that, irrespective of the input intensities, the intensity 
of the extraordinary beam (i.e. pump) increased whereas the intensity of the 
ordinary wave (guided beams) decreased. The direction of energy exchange was 
not affected by reversing the propagation direction of the pump beam. This is 
consistent with the theory of photovoltaic interaction in lithium niobate which 
predicts deamplification of the ordinary wave [131]. An important consequence of 
the photovoltaic interaction is a possibility to create waveguide polarizers which can
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be used to remove from the waveguide the guided beam of undesired polarization 
(TE or TM).
7.6 Conclusion
In this chapter, I discussed some applications of waveguide gratings formed by a 
guided beam and an externally supplied pump beam via the photorefractive effect. 
These gratings could be used as beam couplers to couple and/or decouple light 
from or into the waveguide. A photorefractive waveguide grating has been recorded 
with various amplitudes, and can be used as a waveguide coupler with simultaneous 
control of the transverse profile of the decoupled beam. I used the model developed 
in the previous chapter to simulate this situation and obtained good agreement 
between experiment and the theory. In another application a grating with variable 
period was created in a waveguide effect which not only decoupled the guided 
beam but also focused it tightly. This can be an alternative way to produce a 
waveguide lens which is an important component for integrated optical devices. 
I also demonstrated that two gratings formed in the same waveguide area but 
using different guided modes selectively decoupled these modes. Finally, a grating 
formed by two orthogonally polarized beams was formed in the waveguide and 
unidirectional energy exchange between the guided and pump beams has been 
observed.
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C hapter 8
SUM M ARY
Photorefractive nonlinear optics deals with optical phenomena associated with the 
propagation of optical beams in a medium exhibiting the photorefractive effect. 
It involves many effects important for both fundamental science as well as for 
practical applications. In this thesis I studied some aspects of photorefractive 
nonlinear optics. In particular I considered two topics:
• Mutual phase conjugation in a photorefractive oscillator,
• Applications of the photorefractive effect in a planar waveguide.
The main aim of this work was to develop and investigate new applications of 
the photorefractive effect. The study included both theoretical modeling as well 
as experimental verification of the proposed devices.
P h otorefractive  m utual phase conjugation
I proposed a new optical system which delivers two phase conjugate replicas of 
the two simultaneously incident beams. The concept of this conjugator is based on 
a bidirectional photorefractive ring oscillator. It consists of a single photorefractive 
crystal placed in a ring cavity and pumped by two independent and mutually 
incoherent beams. The presence of the cavity and nonlinear gain mechanism inside
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the photorefractive crystal resulted in the generation of two counter-propagating 
oscillating beams as well as two phase conjugate replicas of the pump beams.
In order to explain the process of mutual phase conjugation in this particular 
geometry I proposed a theoretical model which is based on the nonlinear inter­
action of six waves. This interaction leads to the formation of three distinctly 
different refractive index gratings in the crystal and subsequent Bragg diffraction 
of all beams. Using numerical simulations I investigated the dynamic as well as 
stationary properties of this model. I found that mutual phase conjugation takes 
place when the gain provided by the PR crystal exceeds some threshold value. How­
ever, it turns out that depending on the internal losses in the cavity, this threshold 
can be much lower than other commonly used mutual phase conjugators, such as 
the double phase conjugate mirror. Similarly, the dynamic range, i.e. the allowed 
pump intensity ratio, as well as phase conjugate reflectivity in my device is better 
than other MPCMs. The studies of the dynamics of the bidirectional ring conju- 
gator revealed that this device is stable over a very large region of experimentally 
available parameters as long as the photorefractive effect involves only diffusion 
of charges. On the other hand, temporal instabilities can arise in this system if a 
high electric field is applied to the PR crystal, a measure which is sometimes used 
to enhance the refractive index grating formation process.
I investigated the operation of a mutual phase conjugator experimentally using 
a sample of barium titanate crystal as a photorefractive medium. My experiments 
were in good agreement with theoretical predictions. Indeed, the mutual phase 
conjugation process could be easily initiated and its efficiency as a function of 
external parameters such as input pump ratio has been studied. The frequency 
shift of oscillating and phase conjugate beams which was due to cavity detuning 
was measured and found to the correspond theoretical values.
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Finally, the ability of mutual phase conjugation of information carrying beams 
was also demonstrated in our system. Two separate images were imposed on 
both pump beams. The nonlinear interaction resulted in the formation of phase 
conjugate replicas of corresponding images with high resolution and without any 
crosstalk.
A pp lication s o f photorefractive effect in planar w aveguides
The second topic of this thesis concerned applications of the photorefractive 
effect in a planar waveguide. In previous works on photorefractive wave mixing 
in waveguide geometry, most interaction was between guided beams. To improve 
the efficiency of wave interaction I proposed an alternative wave mixing geometry. 
In this arrangement one of the interacting beams was a guided beam while other 
beams were supplied from the outside. For those externally supplied pump beams, 
the losses incurred due to imperfect coupling into the waveguide were avoided. The 
interaction of guided and external beams led to the formation of a photorefractive 
grating located mainly inside the guiding layer.
A two-dimensional theoretical model describing the interaction between guided 
beam and pump beams has been developed to describe my system. Numerical 
simulations were conducted for both two- and four-wave mixing. Results of these 
simulations indicated the possibility of strong amplification of the guided beam 
because of the long interaction distance.
I studied the interaction of guided and radiation modes in the experiments 
with a planar waveguide created in an iron-doped lithium niobate crystal. In 
the experiment I was able to demonstrate guided beam amplification and phase 
conjugation using two- and four-wave mixing interaction schemes.
The refractive index grating formed in the two-wave mixing process could be 
used as a coupler to couple the guided beam out of the waveguide. I showed
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theoretically that spatially varying the strength of such grating leads to strong 
modulation of the transverse profile of the out-coupled beam. I found that by 
varying the initial condition of the grating formation process, i.e. input intensity 
ratio of the mixing beams one can control the spatial profile of the index grating 
and, subsequently, the transverse profile of the out-coupled beam. These theoret­
ical predictions were in excellent agreement with experimental results. I proposed 
to use this shape control effect to create a waveguide lens. By using a strongly 
focused pump beam I created a chirped grating in the waveguide. Propagation of 
the guided beam then resulted in outcoupling and simultaneous focusing of this 
beam.
In another experiment I also showed that one can use two different guided 
modes interacting with different pump beams to create two refractive index grat­
ings in the same area of the waveguide. As each grating could only be ’’seen” by 
the corresponding mode used in the grating formation, I could decouple selectively 
different modes propagating in the waveguide.
Finally, I studied the interaction of guided and pump beams via a photovoltaic 
effect using orthogonally polarized beams. Formation of the refractive index grat­
ing and subsequent deamplification of the guided beam was clearly observed.
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